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As the world’s energy portfolio shifts toward a renewable hydrogen economy, low 
temperature fuel cells will play an increasing role in stationary and mobile power 
generation. For fuel cells to be viable, however, performance enhancements are needed in 
the polymer electrolyte membrane (PEM), as well as in other areas. Present day PEMs 
such as DuPont’s Nafion® have variable performance batch to batch, exhibit poor proton 
conductivity when dry, and leak significant amounts of fuel in the direct methanol fuel 
cell.  
This thesis documents a number of studies aimed at improving the performance of the 
PEM. First, it discusses the effects of an annealing procedure on the performance of 
Nafion®. A brief thermal treatment helped to establish uniform proton conductivity 
among different thicknesses and batches of Nafion® while simultaneously improving the 
ionomers’ water uptake and transport. These improvements appear to be caused by 
morphological changes in the polymer at the micron scale, as determined through X-ray 
and nuclear magnetic resonance studies.  
Next, the thesis discusses the synthesis of bifunctional carboxylate and sulfonate form 
(c/s) Nafion® PEMs and the materials science challenges inherent in their creation. These 
materials exhibited interesting mass transfer characteristics, including restricted water 
and methanol transport coupled with high proton conductivity. It was determined that the 
c/s membranes have a layered structure with carboxylate rich surfaces and a sulfonate 
rich core, which is the likely origin of their unique properties. Contrary to previous 
hypotheses, the c/s films did not have the ability to maintain high conductivity at high 
temperature and low humidity, suggesting that the substituted carboxylic acid groups 
cannot help to maintain membrane hydration at high temperature.  
Finally, the thesis explores the use of bifunctional membranes in the dehydration of 
nitric acid by pervaporation. The distillation of nitric acid represents a significant use of 
energy in the US, and ostensibly, pervaporation processes could reduce the energy needs 
for this separation. Results confirm an earlier hypothesis that the carboxylate functional 
group has dramatic effects on the transport of nitric acid through Nafion®, and that it has 
the ability to improve the separation of water from acid. 
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As world population grows and standards of living improve, mankind’s need for 
energy will increase. Modern civilization has thrived for the last 150 years on energy 
produced from fossil fuels, but it has reached a pivotal stage in its existence, where fossil 
resources are depleting and becoming difficult to extract. At a time when inexpensive and 
abundant energy is needed the most, traditional energy forms cannot keep pace with man. 
Additionally, it has become clear that the burning of fossil fuels creates a significant 
perturbation in the earth’s natural carbon cycle, and will probably lead to global warming 
and stresses on the health and balance of life’s ecosystems. Environmental changes will 
lead to new challenges in maintaining the health and comfort of humans, increasing the 
need for energy even more. 
Clearly, mankind needs to change the way it produces and consumes energy. Only 
with replenishable energy sources can we retain our modern quality of life and ensure our 
survival into the next millennium. In turn, sustainable energy use can only be achieved 
with a combination of renewable energy produced from the sun and its products and from 
dramatic improvements in energy efficiency. This energy can be produced directly 
through photovoltaics or wind turbines, for example, or stored as chemical energy in 
hydrogen or biomass. Efficiency can be improved by abating energy ‘waste’ and by 
reducing the energy needed to create products and the energy needed to power and 
maintain those products.  
Membrane materials will play an ever-increasing role in the transition to and 
adaptation of sustainable energy. If properly designed, membrane systems are capable of 
performing complex separations for the purification of liquids and gases, while 
consuming a fraction of the energy used by traditional separation processes. Since pure 
and concentrated chemicals are essential to the manufacture of most of man’s necessities, 
and since separation processes consume nearly 45% of the energy used by the chemical 
and refining industries in the US, representing 40-70% of both capital and operating 
costs(1), membrane separations can play a key role in improving energy efficiency. 
Membranes are also necessary components in many of the energy conversion devices that 
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could make a renewable hydrogen economy viable. Electrolyzers, which convert water 
and electrical energy to oxygen and hydrogen, rely on membranes to separate the two 
products efficiently for storage and later use. Fuel cells, which consume this hydrogen, 
require specialized membrane separators that are electrically insulating, chemically and 
mechanically stable, and capable of allowing rapid transport of ionic species. In all 
applications, however, significant research is needed to develop better membrane 
technology. Future membrane materials must be capable of performing important 
separations in larger volumes, with improved efficiency, at lower cost. 
In the transition to a sustainable energy future, it is only fitting that membranes hold a 
special responsibility. Membrane separations mimic many natural processes, and in fact, 
membranes make life possible. They are the ‘skin’ around cellular material, letting 
nutrients in and wastes out, ensuring an efficient and effective metabolism, and keeping 
the cell safe from the myriad environmental dangers that would otherwise destroy it. 
Given Nature’s perfect record of keeping life in the balance for several million years, and 
given mankind’s ability to disrupt Nature’s balance significantly, it is appropriate that 
man start to take a hint from nature, and rely on the types of processes that have worked 
for eons.  
This Ph.D. thesis presents a number of studies on new membrane materials, each 
directed at improving a separation process or enhancing the performance of low 
temperature polymer electrolyte membrane (PEM) fuel cells. First, it considers a 
pretreatment strategy for a common fuel cell electrolyte, aimed at improving 
electrochemical performance. Next, it considers the synthesis of a bifunctional 
perfluorinated ionomer membrane, with mass transfer characteristics that differ from 
traditional monofunctional materials. Then, it gives an evaluation of the performance of 
these materials in fuel cell applications. Finally, it considers the dehydration of aqueous 
nitric acid using the bifunctional membranes. In all cases, the goal of the research was to 
characterize new materials and evaluate their potential performance in large-scale fuel 
cell and separation applications. In many instances, the performances of the new 
materials were deemed unsuitable for further investigation, and in other instances, the 
materials showed great promise.  
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Although the results of empirical studies are useful, the true value of this work is the 
application of these studies to the development of general hypotheses about the 
mechanisms of mass transport and permselectivity in the membranes. It is the hope of 
this author that future researchers find the results of these studies instructive in their own 
work, and that the general hypotheses contained herein prove useful in the development 






 The studies outlined in subsequent chapters used similar laboratory methods. 
Therefore, all experimental procedures are outlined in this chapter and referenced later as 




All chemicals and reagents were obtained from reliable suppliers and used without 
further purification unless indicated otherwise. Reagent water was obtained from a 
Millipore Milli-Q ultrapure water system, which polished deionized water to a minimum 
resistivity of 18 MΩ cm. Due to material compatibility concerns, special efforts were 
made to limit contact between membrane materials, chemicals, and non-inert solids. All 
reactions and treatments were carried out in glass or Teflon vessels, and cutting 
procedures were performed with stainless steel (SS) blades. Nafion† membranes N117, 
N115, N112, N111, and N111-F were purchased from The Electrosynthesis Company, 
Inc. or Ion Power, Inc., and a batch of N111-F was graciously provided by DuPont Fuel 
Cells. While Nafion is produced commercially by solution casting or melt extrusion of a 
non-ionic precursor (2), all films considered in all studies were the melt extruded type. 
Membranes purchased from The Electrosynthesis Company, Inc. were manufactured 
more than five years prior to these studies and membranes purchased from Ion Power, 
Inc. were manufactured less than three years prior. When comparisons are made between 
different ‘ages’ of membrane, the older materials are designated ‘old’ and the newer 
materials are designated ‘new.’  
The Nafion ionomer has the chemical repeat structure shown in Figure 2.1. The 
naming convention for Nafion films is as follows: the first two numbers following ‘N’ 
indicate the nominal equivalent weight g dry ionomerEW, 




 divided by 100,  
                                                 










Figure 2.1. Chemical repeat structure of sulfonate-form (a) and sulfonyl fluoride-form 
Nafion (b). The average equivalent weight (EW) of the film is given by EW = 100m + 
446 (3). The counter cation M+ can be any alkali metal or a proton.  
 
the last number indicates the nominal dry thickness of the membrane in mils (1 mil = 
25.4 µm), and the appended –F indicates that the film is provided in the sulfonyl fluoride 
precursor form. The sulfonate form of Nafion is obtained by hydrolysis of the sulfonyl 
fluoride precursor, explained below. 
 
2.2  Membrane Pretreatment and Annealing 
All Nafion membranes were pretreated after hydrolysis or chemical conversion 
(discussed below) using a standard procedure. Membranes were first soaked in water for 
24 h and then refluxed for 2 h in 3% H2O2, 4 h in 1 M HNO3, and 4 h in three fresh 
charges of water. All samples were stored in water. Converted or hydrolyzed samples 
were soaked in 1 M HNO3 for 24 h before undergoing the above treatment. Pretreatment 
effectively placed the membranes in the acid (H+) counterion form. Additional cation 
forms (Li+, Na+, K+) were obtained by refluxing pretreated membranes for 4 h in 1 M 
M+OH- solutions and 4 h in three fresh charges of water.  
Nafion and converted Nafion membranes were annealed in air, on thin glass plates, in 
the acid form, for 3 h at 165°C, unless indicated otherwise. Membranes were annealed 
‘wet,’ meaning that they were removed from storage, patted dry, and placed directly into 
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the oven. A number of N111 samples were soaked for 24 h in DMSO or vacuum dried for 
24 h at room temperature before annealing. Annealed films turned amber in the oven and 
became clear after cleaning in H2O2. Films annealed in an alkali cation form remained 
clear throughout the annealing and pretreatment process. After annealing, samples were 
loosened from the glass plates with water and pretreated as outlined above.  
 
2.3 Chemical Conversion of Nafion Membranes 
All chemical conversions of Nafion started with the modification of sulfonyl fluoride 
precursor films. The term ‘chemical conversion’ is not to be confused with ‘ion 
exchange,’ as it refers to the actual modification of the Nafion side chain chemistry, and 
not to exchange of one cation type for another. The conversion of sulfonyl fluoride form 
Nafion to mixed carboxylate and sulfonate form Nafion (hereafter termed c/s films or c/s 
membranes) is described in the steps outlined below. 
The general reaction sequence for producing c/s membranes is shown in Figure 2.2 
and included four primary steps:  reduction of sulfonyl fluoride to sulfinic acid, 
hydrolysis of residual sulfonyl fluoride to sulfonate, oxidation of sulfinic acid to 
carboxylic acid, and cleaning of the resultant ionomer. Although N111-F was the only 
precursor film available to us, these procedures can be applied in general to thicker 
Nafion precursor films, or to other sulfonyl fluoride-form perfluorinated ionomer 
precursors. 
N111-F samples approximately 155 cm2 in size were carefully laid in the bottom of 
Pyrex baking dishes. Special care was taken when transferring the precursor to the glass 
dishes as the films developed a significant static ‘cling’ and folded onto themselves and 
the glass. Once the precursor stuck to itself, it was extremely difficult to separate without 
tearing or stretching. A mixture of 45 mL hydrazine monohydrate and 15 mL water 
(48.4% hydrazine w/w) was poured over each precursor sheet, a timer was started, and 
the reaction vessels were covered with plate glass. Gas bubbles formed during reaction, 
floating the precursor sheets to the surfaces of the hydrazine mixtures, so the films were 
frequently tapped below the free surface of the hydrazine solution to ensure that 
membrane surfaces were always in contact with liquid. After predetermined periods, the 
films were removed from the dishes, thoroughly rinsed with water, and soaked in 
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concentrated HNO3 for 20 min to quench the reduction reaction and remove residual 
hydrazine. The films were then removed from the acid, rinsed with water, and soaked in 















3. oxidation and  




Figure 2.2. Flow diagram for the synthesis of c/s ionomer films. 
 
Following the water soak, membranes were rinsed and soaked in a hydrolysis solution 
of 13% KOH, 30% dimethyl sulfoxide (DMSO), and water for 2 h at 70°C. The films 
were then rinsed with water and soaked in 1 M HNO3 for 12 h at room temperature. To 
produce an N111 film from precursor, virgin N111-F was hydrolyzed, pretreated, and 
annealed as outlined above. 
To oxidize the resultant sulfinic acid groups, films were preheated in 1 M HNO3 to 
95°C and transferred, without rinsing, to a large beaker of water at 80°C. Next, filtered 
air was bubbled into the water through an SS frit, and the membranes were allowed to 
soak in the oxygen-enriched water for 8 h. Then, the c/s films were rinsed in water, 
annealed, and cleaned/pretreated as outlined above. Finally, the c/s membranes were 
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checked for full conversion with Fourier transform infrared spectroscopy (FTIR) as 
explained below and stored in water. 
 
2.4 Determination of EW 
Clean, pretreated Nafion or c/s Nafion samples were soaked in two fresh charges of 2 
M HCl for 20 min each. Next, the samples were rinsed with water and soaked in six fresh 
charges of 18 MΩ water for 15 min each to remove residual HCl. The samples were then 
soaked in 50 mL of 2 M NaCl for at least 10 min. Next, the salt solutions containing 
membrane samples were titrated to a phenolphthalein indicator endpoint with 
standardized 0.01 M NaOH. Then, the samples were washed with water, patted dry, and 
vacuum dried for 24 h at room temperature. Finally, the dried samples were weighed by 







= −   (2.1) 
Where md is the dry sample mass (g), V the volume of titrant consumed (L), and OHc −  is 
the titrant concentration (M). The constant term accounts for the difference in mass 
between the Na+ and H+ ions. Equation 2.1 assumes that all water is removed upon drying 
the Na+-form of the membranes, and that all acid is removed from the membrane during 
the titration. Errors in EW calculations were estimated deterministically by propagating 
all errors in experimental measurements. 
 
2.5 Water Uptake in Nafion 
Water uptake was measured gravimetrically at room temperature with samples in the 
H+ form. Pretreated samples were removed from storage, patted dry, quickly weighed, 
and returned to storage. This wet mass was measured a minimum of four times, allowing 
the sample to soak in water for at least 30 min between measurements. The wet mass and 
error in measurement were taken as the average and standard deviation of the individual 
mass measurements. Membrane samples were then vacuum dried for 24 h at room 
temperature and weighed. Dried H+ form samples were assumed to contain one water 














=  (2.2) 





 and mw is the mass of the water-
swollen membrane (g). 
 
2.6 Pervaporation 
The mass transfer characteristics of all membranes were measured in part by 
pervaporation. The pervaporation apparatus is shown in Figure 2.3. It can be observed 
that under the temperatures and pressures shown, the feed stream will exist as a liquid 
mixture, while the permeate stream will exist as a vapor. This characteristic differentiates 
pervaporation from other membrane separations like dialysis, reverse osmosis, and gas 
separation, as it forces a phase change across the membrane.  
 
 
Figure 2.3. Pervaporation schematic.  
 
Pervaporation experiments were performed as follows. Membrane samples 2.5 cm in 
diameter were placed in a 316L SS Millipore filter housing (membrane area 2.2 cm2) and 
sealed with Kalrez® perfluoroelastomer o-rings. Binary mixture or single component feed 
solutions were circulated past one surface of the membrane at a flow rate of 0.5 L min-1 









Vacuum Trap  
(Permeate Collected) 
P ~ 1000 mbar 
P < 10 mbar 
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temperature controlled with a PID temperature controller. Feedback to the controller was 
achieved with a K-type thermocouple placed within the flowing feed stream at the exit of 
the membrane cell. All portions of the feed loop and membrane cell were well insulated 
in fiberglass wool. In this way, the feed temperature at the membrane surface could be 
controlled to ± 0.3°C. A pressure relief valve on the feed tank assured that the feed 
pressure never exceeded 1.5 bar. On the opposite surface (permeate side) of the 
membrane, vacuum was applied with a Welch DuoSeal mechanical vacuum pump and 
controlled with a needle valve to an absolute pressure of 4.0 ± 0.5 mbar, unless otherwise 
noted. Fluids that permeated the membrane were drawn toward the vacuum pump and 
collected in two glass vacuum traps connected in series, submersed in liquid nitrogen. 
Separate experiments showed that the two vacuum traps in series collected at least 99.9% 
of the permeate fluid. At the start of each experiment, the membrane sample was 
equilibrated for 2 h under vacuum and permeate was collected in a separate condenser. 
The system was then switched to the primary condensers and permeate was collected for 
a known amount of time. At the completion of an experiment, vacuum was removed from 
the membrane sample and the collected permeate was allowed to thaw. Permeate was 
weighed by differences and the total flux of fluid through the membrane was calculated 






=  (2.3) 
Where J is the total flux (kg m-2 h-1), mp the collected permeate mass (kg), Ax the active 
membrane area (m2), and t is the time of collection (h). In the case of binary feed 
mixtures, the fluxes of individual components, Ji, were calculated from Equation 2.3 and 
the measured permeate concentration, discussed below. The average permeabilities of 
individual components (driving force and thickness normalized flux) were estimated 
using the solution diffusion model, adapted to pervaporation by Wijmans (5): 
 ( )' "ii i i
PJ p p
l
= −  (2.4) 
Where Pi is the average permeability of component i (kg m m-2 bar-1 h-1), l the membrane 
thickness (m), pi' the feed side vapor pressure of component i (bar), and p" is the 
permeate side partial pressure of component i (bar). It should be noted that Equation 2.4 
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provides an estimate for the average permeabilities of permeating components and not an 
expression for the concentration profiles of individual fluids within the membrane. In 
general, the solution diffusion model is only accurate for membrane/solute systems that 
exhibit minimal swelling, and for permeants that exhibit concentration-independent 
diffusion and no interaction with other diffusing species. Further, Equation 2.4 implies 
that the feed and permeate fluids are in equilibrium with the membrane/fluid interfaces, 
that the pressure throughout the membrane is equal to the pressure of the feed liquid, and 
that the activity of the feed stream components just inside the membrane is 
thermodynamically equivalent to the activity of the saturated vapor pressures of each 
component. Further discussion of the validity of Equation 2.4 is included in Chapter 6. 
 
2.7 Reverse Osmosis (RO) 
The mass transfer characteristics of a few membranes were further tested by applying 
a room temperature, pressurized feed to a membrane sample and collecting liquid 
permeate over several hours time. A schematic of the RO setup is shown in Figure 2.4. 
An ISCO syringe pump was thoroughly flushed with feed solution and filled with feed of 
the same composition. The outlet of the pump was connected to the upstream side of a 
316L SS Millipore filter housing (membrane area 2.2 cm2) with 316L SS tubing, 
connected in series with an SS needle valve. The downstream side of the filter housing 
was connected to a sealed glass sample vial which served as a permeate collection vessel. 
Membrane samples 2.5 cm in diameter were sealed within the filter housing with Kalrez® 
perfluoroelastomer o-rings. Pressure was controlled at the ISCO pump head at a number 
of pressures for each sample, not exceeding 40 bar gage since most membranes failed at 
this pressure. The feed flow rate was approximately 1 mL min-1, controlled with a needle 
valve. During an experiment, a sample of feed solution was collected, measured for 
composition, and used as the feed-side concentration for calculation of the separation 
factor (explained below). At the completion of an experiment, permeate mass was 
weighed by differences, and the liquid was analyzed for composition. Some permeate 
droplets remained in the filter housing when the collection vessel was removed, so the 
permeate side of the housing was blotted dry with Kimwipes, and the mass of sorbed 
permeate weighed by differences and included in the calculation of total permeate mass. 
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Permeate flux was calculated using Equation 2.3, and average permeability was 
calculated using the solution diffusion model, explained in further detail in Chapter 6.  
 
 
Figure 2.4. RO test apparatus. 
 
2.8 Membrane Selectivity and Quantitative Analysis of Feed/Permeate Solutions  
The membrane selectivity is a measure of the relative ‘speeds’ at which components 
permeate a membrane under a given driving force and is calculated using Equation 2.5. 









α =  (2.5) 
Where αij is the membrane selectivity (also termed separation factor), ci the concentration 
of species i (ppm, M, mole fraction, etc.), cj the composition of species j, and the single 
and double prime superscripts indicate values in the feed and permeate fluids, 
respectively. For αij > 1, component i is enriched in the permeate stream and for αij < 1 
component j is enriched in the permeate stream. When the permeate pressure is negligibly 






α =  (2.6)  
In this work, all selectivities were calculated using Equation 2.5 to avoid any ambiguities 














were determined by gas chromatography (GC) or high performance liquid 
chromatography (HPLC). 
 
2.8.1 GC Methods 
The compositions of water/alcohol mixtures were determined by GC. Liquid samples 
were diluted as necessary and sealed in GC vials. Sample volumes of 0.1 µL were 
injected onto a J&W Scientific DB-WAX capillary column (polyethylene glycol, 0.25 
mm film thickness, 30 m length) with an Agilent 7683 Liquid Autosampler. Column 
temperature, gas flow rate, and pressure were controlled with an Agilent 6850 GC. He 
was used as the sweep gas. The column temperature was held at 50-60°C for 5 min, and 
then ramped to 180°C at 20°C min-1. The GC inlet was operated in split mode with a flow 
rate of 2.0 mL min-1 and a split ratio of 150:1. The GC inlet was maintained at 120°C. In 
this configuration, both water and alcohol eluted off the column in less than 5 min, with 
at least 2 min separating the water and alcohol peaks, with high resolution and good 
repeatability. Sample detection was performed with an Agilent 5973N mass spectral 
(MS) detector and quantified as integrated intensity with arbitrary units. To preserve the 
detector filament and maximize repeatability, the detector was turned off until 30 seconds 
before the alcohol was to elute from the column, turned on for sample detection, and 
turned off again for the duration of a sample run. Alcohols were detected with selective 
ion management (SIM), where the detector scans for only one common ion (m/z), 
specified by the user. Each sample was run five times and the sample intensity was taken 
as the average of all runs. The relative standard deviation in all runs for any given sample 
was never greater than 5%. The recorded intensity for each sample was compared to a 
calibration curve made from a minimum of four known standards, with alcohol contents 
bracketing the full range of sample concentrations. 
 
2.8.2 HPLC Methods 
The compositions of H2O/HNO3 and H2O/M+NO3- solutions were determined by 
HPLC. Feed and permeate samples were diluted to a concentration between 1 and 100 
ppm nitrate and analyzed with a Varian Cetac™ AN1 column and a Waters 431 
conductivity detector. The detector signal was recorded as integrated intensity with 
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arbitrary units. A 2 mM solution of 4-hydroxybenzoic acid, adjusted to pH 10 with LiOH, 
was used as the mobile phase. Mobile phase was continuously degassed with He and 
supplied to the system at a flow rate of 1.0 mL min-1 with a Waters 510 HPLC pump. 
Sample volumes of 20 µL were loaded onto the column with a Rheodyne 7725i manual 
injector. Samples were run in triplicate and the sample intensity was taken as the average 
of all runs. The relative standard deviation in all runs for any given sample was never 
greater than 5%. The recorded intensity for each sample was compared to a calibration 
curve made from a minimum of four known standards in the concentration range 1-100 
ppm nitrate. 
 
2.9 Proton Conductivity 
Proton conductivity was measured at room temperature and 100% relative humidity 
(RH) using electrochemical impedance spectroscopy (EIS), and at elevated temperatures 
at a number of RHs using cyclic voltammetry (CV), in the 4-point probe configuration. 
All samples were tested in the H+ form after pretreatment. A homemade conductivity cell 
with a similar design to that used by Doyle et al. (7), shown in Figure 2.5a, was used for 
room temperature measurements, and a commercial BekkTech conductivity cell was used 
for elevated temperature measurements. The BekkTech cell is similar in design to the 
homemade cell, but incorporates temperature and mass flow controllers to allow heated 
and humidified gases to be circulated past membrane samples. Membrane samples 1 cm 
wide and 2 cm long were cut and placed in the homemade and BekkTech cells so that 
electrical current was forced between film surfaces, as shown in Figure 2.5b.  
Separate experiments showed that there was no discernable difference between 
conductivity measured in the configuration of Figure 2.5b, and conductivity measured 
with samples placed above or beneath all four electrodes. Samples were equilibrated for 
24 h in the homemade cell and for 30-120 min at each temperature/RH in the BekkTech 
cell before taking measurements. Full information on the scripting of temperature, 
humidity, and time for the BekkTech cell can be found in the appendices on CD-ROM. 
EIS and CV measurements were made with a Gamry Instruments PCH/75 or Reference 
600 potentiostat. EIS measurements were conducted over a frequency range of 0.1 to 100 
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Figure 2.5. Homemade conductivity cell (a) and membrane/electrode configuration (b). 
In the top figure, WE, WS, CS, R, and CE stand for working electrode, working sense, 
counter sense, reference, and counter electrode, respectively. In both EIS and CV 
measurements, voltage is applied across the outer two electrodes, and current is measured 
between the inner two electrodes. For CV measurements, the complex impedance Z is 
replaced by the resistance R. The BekkTech conductivity cell (not shown) has the same 
general design as the top figure, but allows humid N2 or H2 to be circulated past the 
membrane. 
 
measurements were performed as a linear sweep of voltages between -1 and 1 V at a rate 
of 20 mV s-1. EIS data showed resistive behavior with a slight capacitive component, and 
was fit to resistor/capacitor model circuits using Gamry Echem Analyst software. CV 
data showed a linear relationship between current and voltage, and was fit to a line with 
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constant slope using Gamry Echem Analyst software. Membrane conductivity was 





σ =   (2.7) 
Where σ is the proton conductivity (S cm-1), le the distance between current-measuring 
probes (cm), Axs the membrane cross sectional area (cm2), and R is the real part of the 
complex impedance or the slope of the E-i curve in CV (Ω). Separate EIS and CV 
measurements on the same membrane samples yielded similar conductivity values, and 
are quantitatively comparable. At least two separate pieces of a membrane sample were 
tested for conductivity, and conductivity values are reported as the average of separate 
measurements with an error of one standard deviation. 
 
2.10 X-Ray Fluorescence (XRF) 
XRF measurements were conducted on c/s membranes at Los Alamos National 
Laboratory. Measurements were performed with an EDAX Eagle II XLP micro-XRF 
system equipped with a polycapillary focusing optic Rh target excitation source and a 
SiLi detector. Prior to analysis, membrane samples were ion exchanged to the K+ form, 
rinsed, and vacuum dried. Salt standards with various molar ratios of S to K atoms were 
prepared by neutralizing trifluoromethane sulfonic acid with KOH and adding additional 
KCl. Samples and standards were scanned for relative abundances of S and K atoms and 
the ratios of S/K compared for the determination of carboxylate content in c/s 
membranes, as explained in Chapter 4. 
 
2.11 X-Ray Diffraction (XRD) 
XRD measurements were performed on a Siemens Kristalloflex 810 diffractometer 
using a Cu Kα X-Ray source (X-ray wavelength Λ = 1.54 Å) at 20 mA and 30 kV. 
Membrane samples were stretched flat across an aluminum plate that had its center 
removed to avoid false peaks due to the metal support. Nafion samples were equilibrated 
with room air for 24 h before measurement. 
For analyses of polymer crystallinity, diffraction patterns were obtained for a Teflon 
reference, Nafion samples, and precursor material over 2θ = 3.5°-80° with a step size of 
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0.05° for 5 s per step. Diffraction patterns were corrected for background scatter and 
crystalline/amorphous peaks were fit to Pearson VII distribution functions, all of which 
had correlation coefficients greater than 98%. Assignments of crystalline and amorphous 
peaks were based on the positions of crystalline and non-crystalline peaks in 
polytetrafluoroethylene (PTFE), the spectrum of which is included in Figure 2.6.  
Relative crystallinity was calculated as suggested by Alexander (8): 
 
( )
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Where xc is the polymer crystallinity (%), Icr the sum of the intensities of the fitted 
crystalline peaks, Iam the sum of the intensities of the fitted amorphous peaks, and s is the 
magnitude of the reciprocal-lattice vector, given by: 
 ( )2 sins θ=
Λ
 (2.9) 
Where 2θ is the diffraction angle (degrees). Integrals were approximated numerically 










































Figure 2.6. PTFE reference XRD spectrum, used for calculation of membrane 




2.12 Small Angle X-Ray Scattering (SAXS) 
Nafion is a complex material, with a hydrophobic PTFE backbone and hydrophilic 
acid-terminated side chains. As such, the polymer assumes a phase-separated morphology 
with semi-crystalline PTFE regions and hydrated sulfonate and/or carboxylate 
agglomerates. Researchers have proposed different models of this morphology based on 
observed properties, including the cluster-channel model, the core-shell model, the local-
order model, and the lamellar model, among others (3). While the scientific community is 
still unresolved on the true morphology of hydrated Nafion, it is widely accepted that the 
ionomer phase-separates into water-rich regions and fluoropolymer-rich regions. In this 
thesis, the water-rich regions are called ‘clusters,’ for lack of a better term. The water-
rich clusters have an electron density that differs from that in the bulk polymer. This 
contrast in electron density will deflect (scatter) X-rays slightly, and from the SAXS it is 
possible to observe changes in the sizes of hydrated clusters, and even to quantify their 
average size. 
SAXS measurements were made with a Rigaku Rotaflex small angle X-Ray 
instrument with a Cu Kα X-Ray source at 8.05 kV and a He atmosphere. All samples 
were analyzed fully wet at room temperature. To maintain hydration, membrane samples 
of ~ 2 cm2 were placed in a polyethylene envelope (25 µm thick on each side) with 30 µL 
of water and heat-sealed. For thin Nafion samples, 2 pieces of membrane were placed 
side by side. A blank, water-filled envelope was measured for X-Ray scattering and used 
as a baseline for all sample measurements. All data was corrected for sample thickness. 
SAXS intensity was measured over the range 0.002 < s < 0.05, where s is given in 
Equation 2.9. 
 
2.13 Nuclear Magnetic Resonance (NMR) Spectroscopy 
NMR was used in two capacities. First, pulsed field gradient spin echo (PGSE) NMR 
was used to estimate the self-diffusion coefficients of water and protons in Nafion. 
Second, 19F magic-angle spinning (MAS) NMR was used to evaluate the side chain 
chemistry in converted c/s membranes and to check for potential damage during the 
chemical modification procedure. 
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2.13.1 PGSE-NMR Spectroscopy  
Membrane samples 2 cm2 in area were suspended in glass NMR tubes approximately 
27 mm above a drop of liquid water. This configuration assured a steady hydration state 
in the ionomer while minimizing the signal from liquid water. The tubes were sealed on 
both ends and the membrane sample was allowed 4 weeks to equilibrate with the 100% 
RH, room temperature environment within the tube. Measurements at 25°C and 90°C 
were performed on a Chemagnetics Infinity 400 NMR spectrometer operating at 400 
MHz for 1H, using a 5 mm Doty Scientific, Inc. #20-40 z-gradient pulsed-field gradient 
NMR probe. The temperature of the sample was calibrated using a type-T thermocouple 
inserted into a sample of alumina in the NMR probe. The stimulated-echo pulse sequence 
described by Tanner was used (9). Spectra were recorded as a function of gradient pulse 
current using a 90o radio frequency excitation pulse of 9.5 µs, a gradient pulse width of 
1.0 ms, and a gradient pulse spacing of 4.2 ms. In order to minimize eddy currents 
generated by switching the gradient pulses on and off, a trapezoidal gradient pulse shape 
with a ramping time of 1.0 ms was used as described elsewhere (10). The gradient coil was 
calibrated using water at 25oC and was found to have a strength of 16.9 Gauss cm-1 A-1. 
Spectra were recorded at 20 equally spaced gradient coil currents between 3 and 8.7 A in 
a random array, by signal averaging eight transients. The resulting spectra were 
integrated and the intensities fit to a one Gaussian decay using the nonlinear least squares 
(NLLS) fitting routines available in Mathematica. The diffusion coefficient was obtained 
using the Stejskal-Tanner equation (9): 
 ( ) ( ) ( )2 2 20 exp 3S g S g D δγ δ= − Δ −⎡ ⎤⎣ ⎦  (2.10) 
Where S(g) is the echo amplitude at gradient g, S(0) the echo amplitude at zero gradient, 
Δ the gradient pulse separation (s), γ the gyromagnetic ratio (26.75 x 107 T-1 s-1 for 1H), δ 
the gradient pulse duration (s), g the gradient amplitude (T cm-1), and D  is the self-
diffusion coefficient (cm2 s-1). For a detailed explanation of the PGSE-NMR 
measurement for obtaining self-diffusion coefficients, the reader is referred to the paper 





2.13.2 19F MAS-NMR Spectroscopy  
19F MAS-NMR spectra were obtained with a Chemagnetics Infinity 400 NMR 
spectrometer operating at 376.2 MHz for 19F. The spectra were recorded at 310 K using 
DEPTH (12) pulse-sequence in order to suppress 19F background signals from some of the 
probe materials. 90o pulse lengths of 5 µs, relaxation delays of 5 s, and MAS speeds of 
11.2 kHz were used. The chemical shift reference was a sample of external 
polytetrafluoroethylene, which was assigned a chemical shift of –123.3 ppm (13). The 
NMR spectrometer was equipped with Chemagnetics speed and temperature controllers. 
 
2.14 FTIR 
FTIR measurements were performed at room temperature with a Thermo-Nicolet 
Nexus 870 FTIR, the sample chamber of which was purged with CO2 and H2O-free air. 
Measurements were performed in both transmission and attenuated total reflectance 
(ATR) modes, which sample the entire thickness and ~1 µm of membrane thickness 
adjacent to the surface, respectively. Transmission measurements were made with a 
deuterated triglycine sulfate detector and ATR measurements were made with a mercury 
cadmium telluride detector. All samples were vacuum dried for 24 h at room temperature 
before analysis, except where noted otherwise.  
For transmission measurements, membrane samples of 1 cm2 or larger were placed on 
a slotted stainless steel plate and held in place with a magnet. The IR beam passed 
through the slot in the plate and through the sample to the detector. Measurements were 
made with a resolution of 1 (two data points per wavenumber) for 64 scans over a 
spectral range of 4000 to 400 cm-1. For ATR measurements, membrane samples ~2 cm x 
~5 cm were cut and placed on a Specac ATR cell. A KRS-5 crystal (Thallium 
Bromoiodide, refractive index 2.4, angle of incidence 45°) was placed on top of the 
sample and held tightly in place with a stainless steel backing and screws. The Specac 
ATR cell was placed on a Specac ATR accessory, which directs the IR beam through the 
crystal and back to the detector. Measurements were made with a resolution of 2 for 1024 
scans over a spectral range of 4000 to 650 cm-1. ATR spectra were put through an ATR 
correction to compensate for the different penetration depths of different wavelengths of 
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light using Thermo-Nicolet’s Omnic spectral software package. All FTIR spectra were 
background-subtracted and baseline corrected with Omnic software. 
 
2.15 Partition Coefficients 
Acid partition coefficients were measured to determine the relative sorption 
selectivity of water and acid in c/s membranes. Membrane samples were soaked for 24 h 
in an excess of 5% or 10% HNO3. Samples were then soaked for 24 h in 35 mL of water, 
weighed, dried under vacuum for 48 h at room temperature, and reweighed. The water 











=  (2.11) 




HNOx  the mole fraction of HNO3 within the membrane, and 3
sk
HNOx  is the 
mole fraction of HNO3 in the external soak solution. The mole fraction of HNO3 within 
the membrane phase was calculated as follows. After the soak in excess HNO3, masses of 
fresh water in sealed vials (
2
o
H Om , g) and surface dried, HNO3-soaked membrane samples 
(mwa, g) were obtained. Samples were immediately transferred to the vials of water, 
soaked for 24 h, removed, patted dry, and quickly weighed. From these mass values a 
new mass for the water soak was obtained (
2H O
m , g): 
 ( )
2 2H O H O wa w
m m m m= + −  (2.12) 
Samples were then dried for 48 h at room temperature under vacuum and weighed. These 
samples were assumed to contain one water molecule per ionic site based on research by 
Zawodzinski et al. (4). From the measured dry mass, an actual corrected dry mass was 
calculated ( actdm , g): 










MW  is the molecular weight of water (g mol-1). Next, the total mass of solution 
imbibed by the membrane was calculated (msol, g): 
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 sol wa dm m m= −  (2.14) 
Then, the water soak was measured for HNO3 concentration (
3HNO
c , ppm), and the total 
mass of HNO3 in solution calculated (
3
tot






m m=  (2.15) 
Next, the mass of water in the HNO3-soaked membranes was calculated (
2
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Extensive research of Nafion membranes in the past several decades has shown that 
the ionomers’ performance and intrinsic properties are dependent not only on its chemical 
identity (ion exchange capacity, anionic functional group, and counter-cation), but also 
on the method of film synthesis (casting or melt-extrusion), the thermal history of the 
polymer (drying, exposure to high temperature, and membrane pretreatment), and the 
chemical history of the membrane (exposure to various cations, solvents, etc.). For 
instance, Moore et al. showed that a Nafion film cast from solution is brittle, water 
soluble, and devoid of crystalline regions as compared to melt extruded films, which are 
flexible, insoluble in all solvents at ambient pressure, and semi-crystalline (14). Only after 
thermal annealing or solvent evaporation at high temperature with high boiling point 
solvents do solution cast films’ properties resemble those of extruded membranes. Gebel 
et al. found that recast membranes were slightly crystalline, but still required thermal 
treatment to ensure insolubility in polar solvents. Upon annealing, the films showed 
evidence of higher crystallinity (from wide angle X-ray scattering) (15). Evans et al. 
determined that the highest water uptakes in Nafion occur after reflux in water, while 
lower uptakes occur with use of ‘as-received’ material (16). Zawodzinski et al. found that 
treatments such as high temperature drying under vacuum change the water sorption 
(water capacity) of Nafion, while drying at room temperature under vacuum does not 
alter the membranes’ equilibrium water uptake (4). Wescott et al. conducted mesoscale 
simulations of the structural changes which result from drying hydrated perfluorosulfonic 
acid membranes and concluded that the morphology of Nafion after various drying and 
hydrating procedures is path-dependent (17). Many other examples of the effect of 
membrane pretreatment on membrane performance are available in the fuel cell, 
electrochemical, and separations literature (18-27).  
                                                 
* This chapter is an expanded and reformatted version of a published manuscript: Hensley, J.E.; Way, J.D.; 
Dec, S.F.; Abney, K.D., The Effects of Thermal Annealing on Commercial Nafion Membranes, J. 
Membrane Sci., 2007, 298, 190. 
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Given the observations above, it is clear that Nafion has history dependence. 
Therefore, when using Nafion membranes for any application, one must take care to 
properly condition the films. This is true if the films are made in situ from solution, or 
bought from a supplier. Further, the conditioning procedure must be repeated for all 
samples in an experiment, set of experiments, or product application if data sets are to be 
correctly compared and interpreted. For fuel cell applications, a common pretreatment of 
commercial films involves hydration in warm water, removal of organic contaminants by 
refluxing in 3% H2O2, refluxing in water to rinse, refluxing in one or two charges of 
moderately concentrated mineral acid (1-2 M HCl, HNO3, or H2SO4) to protonate the 
membrane, and refluxing again in water to rinse (4, 25, 26, 28-34). Membranes are typically 
stored in ultrapure water until use to maintain hydration.  
The changeability of Nafion through various treatments also shows that an optimal 
pretreatment procedure is probably yet to be defined and further, that optimal 
pretreatments for one application may not be ideally suited for others. In this chapter, a 
thermal annealing pretreatment procedure is investigated for commercial Nafion films. 
While pretreatment procedures have been studied extensively, as indicated above, the 
thermal treatment of commercially available, melt-extruded films has not. Such a study 
may add further insight into the thermal history dependence of the polymer’s properties. 
The effects of annealing on proton conductivity, water permeability, water uptake, proton 
and water diffusivity, ion exchange capacity, and anion/water selectivity are considered. 
To explain observed differences in annealed and unannealed films on a fundamental 
level, small and wide angle X-ray (SAXS and XRD), pulsed-field gradient spin echo 
nuclear magnetic resonance (1H PGSE NMR), and Fourier transform infrared 
spectroscopy (FTIR) studies were conducted. 
 
3.2 Determination of Anneal Temperature and Time  
To determine an annealing procedure for Nafion, suitable for fuel cell applications, a 
number of annealing conditions were considered and tested with the 25 µm thick 
hydrolyzed precursor (HP) membranes. These membranes exhibited considerably lower 
proton conductivity than the as-received, pretreated N111 membranes, which in turn 
exhibited inferior electrochemical performance to thicker Nafion films, and therefore 
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held the greatest potential for improved transport properties through thermal treatment. A 
survey of the literature shows that the glass transition (Tg) of the fluorocarbon backbone 
in H+ form 1100 EW Nafion may be as low as 103°C (22) and as high as 150°C (20, 35). 
Therefore, to be certain that polymer reorganization is promoted, anneal temperatures 
above 150°C were considered, along with a few control experiments below 150°C, each 
for varying lengths of time. Additionally, conductivities were measured for two samples 
annealed in a K+ counterion form. Results are shown in Figure 3.1 along with 
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Figure 3.1. Effect of anneal time and temperature on room temperature proton 
conductivity in N111 and HP membranes. Data points are average values with error bars 
of one standard deviation. Error bars are only shown where their magnitudes are greater 
than the size of the plotting symbol. Samples that were annealed in the K+ form were 
acidified and pretreated before making conductivity measurements. Note that for all HP 
samples, the pre-anneal conductivity is given by the open triangle at 0 h anneal time. This 
one symbol has been used so that the ordinate is not overly cluttered. 
 
Figure 3.1 shows that the conductivity of N111 and HP films can change dramatically 
upon thermal annealing. After 30 min at 165°C, the HP membrane showed an improved 
conductivity over commercial N111, and after 3 h at 165°C, the HP membrane showed a 
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54% increase in conductivity as compared to the unannealed film. In comparison, heat 
treatments at 150°C provided only modest improvements in conductivity and heating at 
130°C offered no improvements over the unannealed HP membrane. Annealing at 165°C 
also improved the conductive properties of N111, which showed a 21% increase in 
conductivity over the unannealed film. Figure 3.1 suggests that anneal time may have a 
significant impact on proton conductivity, with longer heat treatments leading to 
improved conduction, in general. Figure 3.1 also shows that heating the films in air in a 
different counterion form has a disastrous effect on proton conductivity. After a short 
heat treatment and subsequent acid pretreatment, HP samples annealed in the K+ form 
possessed conductivities less than 15% of the unannealed values. Such a result is 
important to note, as it suggests that solution cast fuel cell membranes should only be 
annealed in the H+ form—not in a salt form and later acidified. In the parameter space 
considered, annealing at 165°C for 3 h in the H+ form provided the greatest 
improvements in conductivity. 
A number of other annealing conditions were also considered. Namely, HP and N111 
samples were annealed at 165°C after vacuum drying (since many solution cast films are 
annealed fully dry) or soaking in DMSO (to plasticize the polymer and facilitate polymer 
reorientation in the annealing oven). A number of films were also annealed by refluxing 
in various mixtures of DMSO and water (each with a different boiling temperature). In all 
instances, the annealed membranes’ conductivities were lower than those achieved by 
annealing at 165°C from an initially wet state. Therefore, a standard procedure of 
annealing a ‘wet’ (patted dry) Nafion sample for 3 h at 165°C was employed for all 
membrane samples used in all comparative tests, as this procedure provided the most 
dramatic improvements in conductivity in the 25 µm thick membranes. 
 
3.3 Qualitative Effects of the Annealing Procedure 
Aside from improvements in proton conductivity, two additional qualitative 
observations showed that the annealing procedure induces changes in Nafion membranes. 
These observations are important as they help to clarify the quantitative observations 
explored later in this chapter. The first of these observations was that annealed samples 
showed interesting behavior when soaked with water for removal from the glass plates. 
 29
Of the samples shown in Figure 3.1, those that exhibited enhanced proton conductivity 
also imbibed water rapidly, completely releasing from the glass plates in minutes. 
Conversely, those membranes that exhibited similar or reduced proton conductivity 
imbibed water slowly, sometimes requiring hours to release from the plates. This shows 
that proper annealing procedures enhance the rate at which water is absorbed into the 
polymer and likely the rate at which water diffuses through the polymer. If true, this 
suggests that the transport properties of the ionomer are improved upon annealing, and 
indeed, this is shown in the transport measurements in the sections that follow. 
The second observation was that Nafion films underwent dimensional changes upon 
annealing. Figure 3.2 shows the measured lengths and widths of HP, N115, and N117 
membranes both before and after annealing. The dimensions were measured after 
pretreatment and equilibration with room air. The figure shows a clear change in the 
film’s dimensions, which is evidence that the annealing procedure relaxes at least some 
of the residual stresses in the polymer, which in turn suggests structural or morphological 
changes in the ionomer. These residual stresses are probably introduced in the extrusion 
and cooling processes, when the films are in the sulfonyl fluoride form. The stresses 
persist through the hydrolysis reaction, and must require a sufficiently high temperature 
to relax. This notion will be discussed further below. 
 
3.4 Effect of Annealing on the EW and Chemical Composition of Nafion  
It is important at this point to show that the annealing procedure adopted in Section 
3.2 does not damage the Nafion membranes or alter them chemically. If they were 
chemically altered, we would have to consider changes in polymer composition as a 
potential cause of altered membrane properties. Figure 3.3 shows FTIR spectra of 25 µm 
thick Nafion membranes both annealed and unannealed. Figure 3.3a shows spectra of 
N111 over the entire range of wavelengths studied. Figures 3.3b and 3.3c show spectra 
for N111 and HP over a narrower range of wavelengths. If chemical bonds were broken 
or created during the anneal process, causing some change in polymer performance due 
to chemical modification, these new or absent bonds would be shown as new or changing 
peaks in the FTIR spectra. From Figure 3.3a, it is apparent that no chemical bonds which 




































































Figure 3.2. Dimensional changes in N115, N117, and HP upon thermal annealing at 
165°C. All film dimensions were measured after pretreatment and equilibration with 
room air. Measurements were performed on the same pieces of film, before and after 
annealing. Pre anneal dimensions are included on the top and left sides of the diagrams, 
and post anneal dimensions are included on the bottom and right sides. The thick arrows 
on the topmost diagrams indicate the direction of dimensional shrinkage/expansion upon 
annealing. Figures are not drawn to scale. 
 
process. In Figures 3.3b and 3.3c, there are no apparent changes in absorption intensity at 
1063 (S—O sym. str.) (36), 982 (C—O—C sym. str.) (37), 969 (C—O—C str.) (36), 807 
(C—S—O str in C—SO3H) (37), 778 (C—F str.) (36), 717 (C—F bend) (36), 635 (C—S str.) 
(36), 627 (CF2 wag) (38), 555 (CF2) (38), or 520 cm-1 (S—O) (39), indicating that the 





































































Figure 3.3. Transmission FTIR spectra of 25 µm thick Nafion membranes before and 
after annealing. (a) Full spectrum N111, (b) N111, and (c) HP. Annealed samples are 
indicated in the plots. Spectra have been stacked for easier comparison. All films are in 
the H+ form. 
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Table 3.1 shows the effect of annealing on the Nafion films’ EW. It can be seen that 
within reasonable error, there were no increases in EW (loss of accessible functional 
groups) due to annealing at 165°C. Due to the random nature of polymers, it is reasonable 
to expect some variability in the measured EW as compared to the nominal EW of 1100 g 
mol-1. Further, separate pieces of a given film were used for EW measurements, i.e., a 
film was annealed and the EW measured on an annealed and unannealed sample 
simultaneously. Therefore, the excellent agreement in EW values among films is good 
evidence that annealing does not alter the exchange capacity of the films, and that valid 
comparisons can be made between all membranes, based on a constant EW. 
 
Table 3.1. Effect of annealing on membrane EW. 
Membrane EW Before 
Anneal (g mol-1) 
EW After 
Anneal (g mol-1) 
HP 1120 ± 26 1176 ± 26 
HP new 1068 ± 23 1049 ± 22 
N111 1082 ± 23 1102 ± 26 
N112 1067 ± 23 1064 ± 22 
N115 old 1143 ± 25 1062 ± 22 
N115 new 1108 ± 12 1093 ± 11 
N117 old 1144 ± 12 1150 ± 12 
N117 new 1102 ± 24 1056 ± 22 
 
 
3.5 Effect of Annealing on Proton Conductivity  
The effect of annealing on room temperature proton conductivity is displayed in 
Figure 3.4, where it is shown that thermal annealing improves the conductivity of Nafion 
films for all thicknesses and ages. Figure 3.4 also shows that improvements in 
conductivity are modest in some films and significant in others, with an average post-
anneal conductivity of 90.4 mS cm-1. Comparing conductivity measurements for all films, 
the annealed films have a standard deviation in conductivity values of 6.1 mS cm-1, and 













































Figure 3.4. Effect of annealing on proton conductivity. All measurements were taken at 
room temperature and 100% RH. Error bars are one standard deviation from several 
measurements and the numbers above the data bars indicate percentage increase in 
conductivity after annealing. 
 
This decrease in the variability of conductivity between different membranes and 
batches of membrane, coupled with an overall increase in ionomer conductivity, indicates 
that the annealing step may be bringing the films to an equilibrium state, for which a 
maximum conductivity of 90-100 mS cm-1 at room temperature and 100% RH is 
attainable. Further, the data in Figure 3.4 show that among different lots of product, 
different performances are obtained, and only through annealing are conductivity values 
consistent between product batches. The overall consistency in conductivity values for 
annealed membranes of different thickness is in contrast to the work of Slade et al., Büchi 
& Scherer, and Tsampas et al., who showed a thickness dependence on membrane 
conductivity, with thicker membranes exhibiting higher conductivity (measured 
separately or in operating fuel cells) (34, 40, 41). The lower conductivities in thin unannealed 
samples, however, are in agreement with these studies. Slade et al. suggested that the 
decrease in conductivity with decreased thickness might be due to differences in the 
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effects of melt extrusion on different thicknesses of membrane (polymer structure). If this 
is the reason for differences in conductivity, it is reasonable to expect that a thermal 
annealing process might ‘normalize’ the polymer structure by allowing it to relax to an 
equilibrium state.  
Expanding the point further, in an FTIR study of thermally treated N115, Liang et al. 
found that the local concentration of sulfonic acid at the surface of the membrane 
increases with higher temperature heat treatments (42). This may also explain some of the 
discrepancies between conductivity as measured in this study and conductivities 
measured by Slade, Büchi, or Tsampas: a higher concentration of ionic sites near the 
surface of an annealed film will reduce the contact resistance between electrolyte and 
impedance measuring electrodes and the measured conductivity will approach that of the 
actual bulk conductivity. Thinner membranes will have a higher percentage contribution 
of contact resistance, resulting in an overall averaged conductivity that is less than that of 
thicker membranes. Indeed, conductivity values of unannealed films show an increased 
conductivity with increased membrane thickness. If annealing reduces the contact 
resistance between membrane and electrode as Liang’s study suggests, a uniform 
conductivity should be seen between membranes of different thickness.  
Considering only proton conductivity, it is evident that the 25 µm thick films and 
older batches of Nafion benefit the most from thermal annealing. In fact, after a brief 
annealing procedure, thin Nafion films are competitive with the more commonly used 
thick films, whereas without an annealing step, the membranes are noticeably inferior. 
This is an important result for fuel cell applications, since thin melt extruded or solution 
cast membranes are theoretically better performers due to increased back diffusion of 
water from cathode to anode to maintain water balance, higher proton conductance, lower 
overall membrane cost, and lower ionic resistance (resulting from high current densities 
in operating fuel cells) (2, 41, 43, 44). The higher non-annealed membrane conductivity in 
newer batches of material may be evidence of improvements in DuPont’s Nafion 
films(45). In no instance does the conductivity decrease upon annealing, showing that at 
worst, thermal annealing pretreatments will not alter a film’s conductivity, and at best, 
the conductivity will improve significantly.  
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3.6 Effect of Annealing on Water Sorption  
The effect of annealing on water sorption is shown in Figure 3.5. Equilibrium water 
uptake increases after the thermal treatment for all but newer N117. Such an observation 
is consistent with research that has shown an increased conductivity with increased water 
content in Nafion films (4, 46). It is interesting to observe, however, that unlike proton 
conductivity, the equilibrium water sorption does not reach a uniform level among 
membranes. For thin membranes, the equilibrium water sorption plateaus at λ = 16-18 
mol H2O per mol SO3H, whereas for thick membranes, the equilibrium water sorption is 
in the range λ = 21-25. Zawodzinski et al. showed that the equilibrium water uptake in 
N117 is λ = 21-22 for Nafion in contact with liquid water and λ = 14 for Nafion in 
contact with saturated water vapor (43). Values for the thick membranes are in close 
agreement with Zawodzinski’s findings, but values for the thin membranes are closer to 
results from contact with water vapor. Studies by Dimitrova et al. and Slade et al. showed 
a similar discrepancy in equilibrium sorption, where water content increased with 
membrane thickness (34, 47). One possible explanation for the inconsistency is that thin 
membranes can lose a significant percentage of their sorbed water when going from 
storage to Kimwipes to the balance for mass measurement. If this is the case, however, 
and the equilibrium water uptake for N111 in liquid water is actually λ = 22, 
approximately 10 mg of water need to evaporate from a typical sample in the course of 
measurement (a period of no more than 5 s) to reduce the measured uptake to λ = 18. For 
an N117 membrane sample of similar width and length, a loss of 10 mg water would only 
reduce the calculated value of λ by 0.1. Once patted dry and placed on the balance, a 
typical 25 µm sample lost about 1 mg of water in the first 15 s. An additional 4.5 min 
were required for an additional 9 mg of water to evaporate from the film. Therefore, it is 
unlikely that the discrepancy in λ values between thick and thin films is due solely to 
rapid evaporation coupled with small sample sizes. This suggests a lowered water 
requirement to attain similar conductivity in thin membranes, which is highly 



































































Figure 3.5. Effect of annealing on equilibrium water sorption. All measurements were 
taken at room temperature for swelling in liquid water. Error bars are propagated 
uncertainty from several measurements and numbers above data bars indicate percentage 
increase (decrease) in sorption after annealing. 
 
3.7 Effect of Annealing on Water Permeability  
Pure water flux measurements for several Nafion membranes are shown in Figure 3.6. 
Unfortunately, average water permeabilities cannot be compared between different 
thicknesses of Nafion films because no comprehensive transport models exist for 
pervaporation in highly-swollen membrane systems (48). Proving the difficulty of 
permeability measurements in Nafion, Thomas et al. studied the water profile in a Nafion 
membrane under steady state pervaporation via in situ small angle neutron scattering 
experiments (49). In their studies, they found that for liquid feed conditions, the membrane 
is fully wet for a large thickness adjacent to the feed liquid, and then decreases sharply in 
water content near the membrane/vacuum interface. Since water permeability in Nafion 
changes sharply with local water content (4, 50-52), it is not appropriate to assume that 
permeability is constant through the membrane thickness, nor should it be assumed that 
swelling is moderate at the liquid interface since Nafion swells by 33% or more in liquid 
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water (25, 46). Therefore, changes in water permeability can only be examined qualitatively 
through changes in flux in membranes of like thickness (this chapter), or as changes in 
average permeability in membranes of like thickness, as in Chapters 5 and 6.  
The data in Figure 3.6 show a significant enhancement in water permeability after 
annealing. The figure also shows trends similar to those in Figures 3.4 and 3.5: all Nafion 
membranes, with the exception of older N117, experience an improvement in 
performance with thermal pretreatment. Such a result is expected, given the increase in 
water sorption upon annealing. In general, the permeability of a solvent in a membrane 
phase may be written: 
 i i iP D S=  (3.1) 
Where Di is the solvent diffusivity (cm2 s-1) and Si is the solubility of solvent in the 
membrane phase (g cm-3 bar-1). Both Di and Si may vary with concentration. Therefore, 
an increase in solubility (Figure 3.5) should result in an increased permeability, which is 
indirectly shown through the flux data in Figure 3.6.    
Comparing Figures 3.4-3.6, it is apparent that thermal annealing has the largest effect 
on water permeability. This speaks highly to changes in membrane structure. While 
Equation 3.1 states that an increase in water sorption should lead to increased water 
permeability, it is clear from Figures 3.5 and 3.6 that the increased water sorption does 
not completely account for the increased water permeability in Nafion upon annealing. 
For example, the water solubility in N112 increases only 20% after annealing while the 
pure water flux (and hence permeability) increases by 45%. If the diffusivity in Equation 
3.1 were to remain constant, the increased water sorption would not account for this 
increase in water flux across the membrane. This implies an enhanced diffusivity of water 
within the polymer, which, at a constant temperature, will only result from a change in 
the structure of the polymer. Morris et al. showed that when Nafion absorbs solvents, the 
swelling creates an increased free volume of solvent within the polymer (53). Therefore, 
an increase in diffusivity may result from an increased free volume due to increased 
polymer swelling, and/or from an additional change in the structure of hydrophilic 
domains within the polymer. Other researchers have observed an increased diffusivity 
and/or permeability of water in Nafion with increased water content (44, 50-53), consistent 
































































Figure 3.6. Effect of annealing on water flux (water permeability) in Nafion films. All 
measurements were performed with the pervaporation apparatus fed with water at 35°C 
and a permeate-side pressure of 4 mbar. Error bars are not included since the magnitude 
of the errors in these measurements is much smaller than the scale of the plot. 
 
For fuel cell applications, enhanced water permeability means improved back 
diffusion of water from cathode to anode, maintaining better membrane hydration and 
proton conductivity, reducing ohmic losses due to membrane resistance. This improved 
permeability upon annealing, coupled with improved proton conductivity in the hydrated 
state, should translate to improved fuel cell performance, without chemical modification 
of the membrane or addition of fillers to the polymer matrix.  
 
3.8 Effect of Annealing on Water/Ion Selectivity  
Since an overall goal of the thesis research was to develop membranes with 
water/HNO3 permselectivity, the annealed and unannealed membranes were briefly 
checked for water/nitrate selectivity to see if annealing had any effect. Pervaporation and 
HPLC were employed to perform the measurements, with mixtures of 5% HNO3 (w/w) 
fed at 35°C. The results are shown in Figure 3.7. For all membranes, the selectivity is low 
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and uninteresting, with values of α = 1.5 or lower. Thick membranes tend to have slightly 
higher selectivity than thin membranes, but this could simply be due to the increased 
thickness (with fewer defects). Figure 3.7 shows that upon annealing, selectivity 
decreases. Such a result is consistent with a multitude of studies that have shown an 
interrelationship between membrane permeability and selectivity: as permeability 
increases, selectivity usually decreases and vice versa (54). Furthermore, in a recent review 
of Nafion, it was noted that anion selectivity in Nafion has been shown to decrease with 
increased membrane hydration (3). Therefore, the decreased selectivity demonstrated in 
this study is consistent with the increased water sorption upon annealing. The obvious 
conclusions from this experiment are that Nafion is not a good selective membrane for 
water/mineral acid separations and that annealing may be disadvantageous if the 
















































Figure 3.7. Effect of annealing on water/nitrate selectivity. Separations were performed 
using pervaporation with a feed of 5% (w/w) HNO3 at 35°C. Error bars are not included 




As in Figure 3.6, the data for old N117 is in disagreement with the trends observed in 
other membranes. Different pieces of annealed and unannealed older N117 were 
subjected to repeat conductivity, sorption, permeability, and selectivity measurements 
with consistent data between tests. Given the water sorption and conductivity increases in 
old N117 as shown in Figures 3.4 and 3.5, the overall results for older N117 appear 
anomalous. It may be that the sheet of annealed material was inconsistent in chemical 
composition, that regions with high water sorption were cut for uptake and conductivity 
measurements, by chance, and that regions with low water sorption were cut for 
permeability measurements.  
 
3.9 Effect of Annealing on Polymer Crystallinity  
The results shown in Figures 3.1, 3.2, and 3.4-3.7 are evidence that thermal annealing 
alters Nafion films. Figure 3.3 and Table 3.1 are strong evidence that the membranes are 
not altered chemically in the annealing process. This leaves structural reorganization as 
the only probable cause of enhanced properties. Typically, annealing procedures promote 
crystallization of glassy polymers. Moore and Martin showed that cast Nafion films only 
develop crystalline regions upon annealing at high temperature (14). Gebel et al. found that 
recast membranes were slightly crystalline, but still required thermal treatment to ensure 
insolubility in polar solvents (15). The insolubility of Nafion in solvents is attributed to 
these crystalline regions. Therefore, it is reasonable to expect that annealing at 165°C 
may increase polymer crystallinity, which may or may not improve a film’s transport and 
electrical properties, depending on how crystalline regions affect the structure and 
connectivity of hydrophilic regions within the polymer. Relative crystallinity values for 
Nafion films are shown in Figure 3.8, and a sample XRD spectrum including fitted 
amorphous and crystalline peaks is shown in Figure 3.9. The calculated crystallinity in all 
films is in good agreement with values reported elsewhere (3, 55). 
Unlike the trends shown in Figures 3.1 and 3.4-3.6, there is no consistent increase or 
decrease in crystallinity induced by annealing at 165°C. The crystallinity in thin films 
increases upon annealing, while the crystallinity decreases for thick films, in general. At 
least one other researcher has found that annealing does not always increase crystallinity 






























Figure 3.8. Effect of annealing on polymer crystallinity. All measurements were taken in 
room air. Each data point represents the application of Equation 2.8 to fits of XRD 
spectra as in Figure 3.9. All spectral fits (not shown) have a correlation coefficient (R2) of 
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Figure 3.9. XRD spectrum of N115 old. Data points are background-subtracted and 
smooth lines are Pearson VII type distribution functions. The sum of each of the 
distribution functions is also plotted and passes through the data. 
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different films is non-uniform with values ranging from 4 to 18%. This distribution of 
values might be reasonably expected in different regions of a sheet of material, due to 
random variations in the polymer itself. Even so, it is interesting to see that for all thick 
films, crystallinity decreases to a great enough extent to be always less than the 
unannealed crystallinity, inclusive of probable variations within the membrane sheet. Due 
to the different changes in crystalline content in thin and thick films, it is evident that the 
increased water permeability, proton conductivity, and water sorption observed in 
annealed Nafion samples is not due to increased crystallization of the PTFE backbone, as 
a general rule. Considering the thick films only, a decrease in crystallinity is in agreement 
with an increase in water sorption, as determined by Moore and Martin (57). The fact that 
the thin films’ water uptake increases with increased crystallinity is not understood at this 
time.  
In a separate set of experiments, N111, HP old, HP new, N117, and annealed N111 
and HP old/new were soaked in DMSO. The N111 and HP old samples dissolved 
partially at room temperature and completely at 50°C. Conversely, none of the annealed 
films or unannealed N117 and HP new samples dissolved in DMSO, even at 105°C. 
Solubility in aprotic solvents is a direct reflection of incomplete crystallinity in Nafion. 
Since the thick, melt extruded N117 is insoluble in DMSO while annealing is required to 
make N111 and HP old insoluble, it is apparent that some of the N111 and N111-F 
membranes are not crystallized as completely as N117 in the extrusion process. Such an 
observation is not supported in part by Figure 3.8, where it is apparent that the 
crystallinity of the thin films is actually greater than in the thick films. This observation is 
supported in part by Figure 3.8, however, as it shows an increased crystallinity in both 
N111 and HP old.  
The potential incompleteness in crystallinity could be due to the faster cooling of 
thinner films upon exit from the extruder (less time for crystallites to form). In a recent 
small angle neutron scattering study, Kim et al. observed a crystallinity in N112 which 
was smaller than that in N117, and drew the similar conclusion that thin films cool too 
quickly to attain the same crystallinity as thick films (26). Expanding the point further, 
Kim et al. also suggested that given a slower cooling rate from the melt (thicker 
membranes), the crystalline regions could form larger scale structures like spherulite, 
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bundled fringed micelles, or stacked lamellae. If true, this could explain why thin 
membranes show partial solubility with similar crystallinity to thick films; the thin films 
may be semi-crystalline but without a supermolecular structure. It may be that this 
supermolecular structure is necessary for complete insolubility. Still, since the Tg of 
Nafion precursor material is 0°C (22), it is expected that partial crystallization should 
occur in the precursor at room temperature. Whether this is the case or not, crystallite 
formation in thin extruded films appears to be insufficient for complete insolubility in 
DMSO, indicating that N111 films should always be annealed in pretreatment to ensure 
insolubility in various solvents, while thicker films should be stable without an annealing 
step.  
 
3.10 Effect of Annealing on Average Hydrophilic Domain Size  
Differences in membrane transport and electrical properties might be reasonably 
explained by differences in hydrophilic cluster sizes. As noted in Chapter 2, the term 
‘cluster’ is used loosely to describe the average domain size of hydrophilic regions within 
the phase separated polymer, an area that has seen significant research in the past four 
decades. Larger clusters may indicate increased equilibrium water sorption in a film, and 
may afford increased water permeability and proton conductivity if the enlarged 
hydrophilic domains become better connected. Fujimura et al. (55) and Gierke et al. (58), 
among others, have given a detailed analysis of the characteristic SAXS features in 
Nafion membranes, so minimal background is given here to explain the shape of the 
curves in Figures 3.10 and 3.11, shown below. In general, hydrated 1100 EW H+ form 
Nafion films exhibit scattering maxima due to crystalline regions at s ~ 0.005Å and phase 
separated hydrophilic (ionomer) domains at s ~ 0.019Å-1 (26, 55, 59). Collectively, the SAXS 
data in Figures 3.10 and 3.11 can be used to support the increased water sorption (Figure 
3.5) and increased and decreased crystallinity in thin and thick films (Figure 3.8), and 
may explain the increased conductivity and permeability in Nafion upon annealing 
(Figures 3.4 and 3.6), as explained below.  
The average size of the ionomer domains may be estimated using Bragg’s law: 
 2 sind θ = Λ  (3.2) 
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Where d is the size of the characteristic feature or spacing between scattering features 
(Å). θ and Λ were defined in Equation 2.9. Inserting Equation 2.9 into Equation 3.2, the 
resulting relationship between d and s is: 
 1d
s
=  (3.3) 
As the size of the hydrophilic domains increases, the scattering maximum will shift to 
smaller s and become larger due to increased contrast between hydrophilic and 
hydrophobic regions in the polymer. Conversely, as hydrophilic domains become 
smaller, the scattering maximum will shift to higher s and eventually disappear due to 
lack of contrast between phase-separated regions. The position of the crystalline peak has 
been shown to be independent of polymer swelling but will shift to lower s and become 
more prominent as the degree of crystallinity increases (26, 27).  
Several researchers have shown that as water content increases in Nafion, the average 
size of hydrophilic clusters within the polymer increases and vice versa, sometimes in a 
linear fashion (17, 58, 60, 61). Therefore, since thermal annealing increases the equilibrium 
water content in Nafion, it should also increase the size of hydrophilic domains within the 
polymer, causing a shift in the hydrophilic scattering maximum to smaller s.  
Figure 3.10 shows SAXS profiles for Nafion membranes, both before and after 
annealing. Figures 3.10a, 3.10c, and 3.10d show that no shift occurs in the ionomer 
scattering maximum upon annealing N111, N115 new or N117 old. Therefore, there is no 
indication that the hydrophilic domains changed in size. Figure 3.10b, however, shows a 
noticeable shift in the ionomer maximum to smaller s, indicating an increase in average 
hydrated cluster size. Water uptake measurements show that N112 imbibes 3.5 additional 
water molecules per ionic equivalent, on average, after annealing. The additional water 
uptakes for N111, N115, and N117 after annealing are 2.1, 1.1, and 1.1 water molecules 
per equivalent, respectively. Therefore, the SAXS evidence of increased cluster size in 
annealed N112 probably corresponds to the large difference in water uptake in the 
annealed/unannealed films. Kim et al. have recently shown that pretreated Nafion 
membranes have a non-linear relationship between cluster size and water uptake; i.e. as 
the membranes are increasingly swelled, the change in cluster size may become less 
apparent (26). Since all membranes were pretreated, the results of Kim’s study may 
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provide an explanation for the lack of contrast in the positions of the ionic scattering 
peaks in Figures 3.10a, 3.10c, and 3.10d. It may be that, for N111, N115, and N117, the 
addition of 1.1 to 2.1 water molecules per site does not change the size of the ionic 
clusters to an observable extent. The observation that cluster size does not change with 
increased water content may also indicate that annealing provides a means for water to 
distribute itself differently in the swollen films. If so, the different distribution could 
account for the observed changes in water permeability and proton conductivity 
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Figure 3.10. SAXS data for fully hydrated Nafion membranes at room temperature. In 
plot legends, ‘ann’ is used as shorthand notation for ‘annealed.’ Equilibrium water 
contents for all membranes are indicated in the plots. 
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Figures 3.10a-3.10c also show changes in the scattering feature at s ~ 0.005 Å-1 upon 
annealing. As mentioned above, this feature arises from the crystalline regions of the 
polymer. The figure indicates that the annealing procedure induced crystallite formation 
in N111 and reduced the number of crystallites in N115 new, consistent with the results 
in Figure 3.8. The differences in scattering profiles for N112 are not as clear. Figure 
3.10b shows an obvious difference in slope between s ~ 0.002 and s ~ 0.01 in the 
annealed/unannealed samples. On one hand, the decreased slope in the unannealed 
sample could result from the crystalline peak (though the magnitude of this peak has been 
shown to be small or nonexistent in N112) (26).  This would be consistent with the 
decreased crystallinity in N112 upon annealing, shown in Figure 3.8. On the other hand, 
the annealed sample shows a local maximum at small s that appears to be more defined. 
This suggests greater crystallinity, which is in contrast to the data in Figure 3.8. Still, the 
shape of the curves between s ~ 0.002 and 0.005 is quite similar, making it difficult to 
discern whether the SAXS data is evidence of increased or decreased crystallinity in 
N112. Interestingly, there is no evidence of crystalline regions in N117 old in Figure 
3.10d. This is in contrast to the findings of Kim et al., who found a definite crystalline 
peak in N117 at s ~ 0.005 (26). The results are in agreement with Figure 3.8, however, 
which shows that the crystallinity of N117 old is the smallest of all samples tested. Since 
there is no evidence of crystalline regions in N111 (Figure 3.10a) and since N111 has 
higher crystallinity than annealed and unannealed N117 old (Figure 3.8), it is not 
surprising that N117 old shows no signs of crystallinity from SAXS. 
Aside from probing the sizes of hydrophilic clusters in annealed and unannealed 
films, SAXS was used to investigate the differences in cluster size in thick and thin 
Nafion films. Figure 3.11 shows SAXS profiles for annealed Nafion films of different 
thickness, all fully hydrated. The position and intensity of the ionomer peak is nearly 
identical in 25 µm films (λ = 15.5-17.7) and in all other films (λ = 21.2-23.9). 
Surprisingly, the position and intensity of the ionomer peak is similar in all films, despite 
the lower water uptake in 25 µm films. These films should exhibit ionomer peaks at 
higher s (smaller size) with less intensity. While the similar cluster sizes are consistent 
with the similar conductivity values, they are inconsistent with the dissimilar water 
sorption values. As mentioned above, this inconsistency is probably due to the non-linear 
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nature of cluster expansion upon swelling, especially at high water content in pretreated 
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Figure 3.11. SAXS data for fully hydrated Nafion membranes of different thickness. In 
plot legends, ‘ann’ is used as shorthand notation for ‘annealed.’ Equilibrium water 
contents for all membranes are indicated in the plot. 
 
3.11 Effect of Annealing on 1H Self Diffusion  
Representative PGSE NMR data along with a non-linear least squares fit of the data 
are shown in Figure 3.12. The figure shows good agreement between the data and a fit of 
Equation 2.10. Assuming a single diffusion coefficient in each, values of D  were 
calculated from the PGSE NMR data for a number of annealed and unannealed Nafion 
films. These values are plotted side-by-side for comparison in Figure 3.13. Similar to 
water permeability, there is a large increase in the proton self-diffusion coefficient in 
each film after annealing, and similar to results in previous figures, there is an anomalous 
decrease in diffusivity in older Nafion 117. At higher temperature, the increase in proton 
diffusivity is even more pronounced.  
As mentioned previously, the large increases in water permeability in the annealed 
films can only be explained by increases in both water sorption and diffusivity. Although 
PGSE NMR self diffusion measurements only probe the relative mobility of water and 
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protons in their local environment, it is obvious from Figure 3.13 that the annealing 
process increases water diffusivity to such an extent that an increased chemical, or long 
range diffusivity of water and protons in the film is likely improved. This in turn would 
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Figure 3.12. PGSE NMR data for annealed Nafion 112 at 90°C. The solid line in the plot 
is a NLLS fit of the data with the values of D  and S(0) from Equation 2.10 shown. 
 
Changes in diffusivity are brought about by changes in the polymer structure or free 
volume, and by changes in the mobility of polymer chain segments, facilitating or 
restricting the movement of sorbed species within the polymer. Therefore, it is implied 
that annealing Nafion causes small changes in the polymer morphology. These changes 
are quite subtle when observed by SAXS techniques but can be seen clearly through 
NMR, swelling, conductivity, and permeability experiments. These changes appear to 
enhance the transport properties of Nafion, and occur only when annealing is performed 
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Figure 3.13. PGSE NMR data for Nafion membranes at 25°C and 90°C. The relative 
increase (decrease) in the diffusion coefficient is indicated above the data: in a white box 
for data at 25°C and in a shaded box for data at 90°C. Errors are calculated within the 
NLLS fitting routine. All measurements were performed under conditions of 100% 
relative humidity. 
 
 Considering the data presented in this chapter, it is evident that the changes evoked 
by thermal annealing occur primarily at the micron scale (as probed by PGSE NMR) and 
translate to improved bulk transport properties. Smaller-scale properties such as ‘cluster’ 
size and crystallinity do not correlate well with improved conductivity, water 
permeability, and water uptake. PGSE NMR measurements, however, show a clear 
correlation with improved bulk properties. Therefore, it is expected that characterization 
techniques that probe larger-scale structural differences, such as ultra small X-ray 
scattering and atomic force microscopy, will correlate well with improved transport 





Many conclusions can be drawn from this study, and while most are general in nature, 
the lessons they teach may be of use to researchers in the future. First, it can be 
concluded that temperatures as high as 165°C do not damage Nafion chemically. In fact, 
annealing the ionomer at this temperature, when performed on H+ form membranes with 
sufficient water inventory, can be very beneficial. Noteworthy advantages include 
improved proton conductivity, higher water permeability, and better water uptake. 
Second, it has been shown that heat treatments at too low of a temperature do not 
improve membrane properties, and that membranes annealed in a metal salt cation form 
will suffer large losses in proton conductivity. Third, it can be reasonably inferred that the 
annealing process relaxes stresses in the polymer, and changes the morphology of the 
film. These changes correlate well with observable properties at the micron scale, such as 
proton self-diffusivity, but do not correlate well with observable properties at the 
nanometer scale, such as hydrophilic cluster size or crystallinity, suggesting that 
annealing causes large-scale changes in morphology. Fourth, results suggest that an 
annealing procedure is necessary to ensure mechanical stability in commercial N111 and 
N111-F films, which may otherwise dissolve in aprotic solvents. Finally, it can be 
concluded that a proper annealing procedure can normalize the transport properties of 
different thicknesses and batches of Nafion films. This may be particularly advantageous 






SYNTHESIS OF C/S MEMBRANES* 
 
4.1 Background 
Carboxylate-form perfluorinated ionomers such as those made by DuPont (Nafion 
CR), with the structure given in Figure 4.1, have shown interesting properties compared 
to their sulfonate-form counterparts (3, 22, 38, 55, 62, 63). These properties arise from the 
weaker acidity of the carboxylic acid pendant group and the smaller size of the 
carboxylate anion. Carboxylate-form membranes have proven useful in the chlor-alkali 
process by providing increased exclusion of aqueous anions at the cell cathode and 
increased cell efficiency (22, 38, 62). Recently, the Nafion sulfonate/carboxylate bilayer 
membranes (Nafion 90209) were shown to be potentially useful in the dehydration and 
concentration of mineral acids, due to the increased anion exclusion capability of the 
carboxylate layer (64, 65). Given the improvements in cation/anion selectivity over 
sulfonate-form ionomers, it is clear that the carboxylate-form perfluorinated ionomers 
offer advantages where cation/anion separation is critical or where anion exclusion is 
sought in general. Unfortunately, carboxylic acid and carboxylic acid/sulfonic acid 
bilayer ionomer membranes exhibit unacceptable water permeability and proton 
conductivity, rendering them impractical in acid dehydration and fuel cell applications (3, 
22, 64). 
One of the reasons for the low flux of water in acid-form carboxylate membranes is 
the physical thickness of the films; the permeance of solvents and ions is greatly reduced 
with increased thickness. A good way to circumvent this limitation is to decrease the 
thickness of the membrane. To make this resistive layer as thin as possible, the membrane 
should be attached to a support layer with lower resistance (54), and since the sulfonic acid 
form of Nafion is highly permeable to water and ions, it is a logical support for a thin 
carboxylic acid-form membrane. The carboxylate layer could be cast or laminated onto a 
sulfonate layer (e.g. Nafion 90209), or alternatively, the carboxylate layer could be 
created by modifying the surfaces of a sulfonate-form membrane. Of these two  
                                                 
* This chapter is an expanded and reformatted version a manuscript in press: Hensley, J.E., Way, J.D., 
Synthesis and Characterization of Perfluorinated Carboxylate/Sulfonate Ionomer Membranes for 






Figure 4.1. Chemical repeat structure of carboxylate-form Nafion. The average 
equivalent weight (EW) of the film is given by EW = 100m + 446 (3). M+ can be any 
alkali metal or a proton. 
 
approaches, surface modification is the better way to create very thin, defect-free 
carboxylate layers on already-thin starting materials. Such a thin ‘supported’ carboxylate 
membrane may be of particular use to the separations and electrochemical communities. 
Although the syntheses of carboxylate-form Nafion membranes from materials with 
both nonionic and ionic materials have been shown in general (55, 66), few of the important 
procedural details have been disclosed. Furthermore, while it is known that membranes 
with both carboxylate and sulfonate functionality can be made from a monofunctional 
starting material, control over the ratios of ionic equivalents have not been demonstrated, 
nor have the distributions of functional groups through the film thickness been 
determined (67, 68). 
This chapter details a method for making bifunctional carboxylate/sulfonate 
perfluorinated ionomer membranes (also termed c/s membranes or c/s films, as noted 
above) from N111-F films. The procedure is generalized to allow for application to any 
addition reactions between covalently bound sulfinic acids and other chemical moieties, 
or for chemical crosslinking reactions. Methods for characterizing the bifunctional 
membranes are discussed, including determination of the relative amounts and 
distribution of functional groups within the c/s membranes. Applications of the c/s 





4.2 C/S Film Synthesis 
In developing a standard procedure for the synthesis of c/s membranes, detailed in 
Chapter 2 Section 3, six primary goals were established. These are outlined in Figure 4.2, 
and their fulfillment is explained in the discussion that follows. While conceptually 
simple, the task of converting sulfonyl fluoride precursor to a dual-functional membrane 
is non-trivial. It took considerable time to develop repeatable and non-destructive 
conversion techniques, even with the various conversion procedures suggested by Grot 
(66), and some preliminary c/s membrane synthesis work by Ames et al. (67) as guidelines. 
A summary of the synthetic routes that have been explored in this study along with their 
outcomes are provided in Table 4.1.  
 
 1. Create carboxylate-rich ‘skins’ on membrane surfaces 
2. Maintain control over the extent of conversion of 
sulfonyl fluoride groups to carboxylate anions 
3. Minimize safety hazards and waste generation 
• Minimal use of chemicals 
• Conduct all procedures at mild temperatures and pressures 
4. Minimize reaction times
5. Maintain a uniform ion exchange capacity among films 
6. Develop repeatable procedures 
 
Figure 4.2. Primary goals for the conversion of sulfonyl fluoride Nafion precursor to a c/s 
membrane. 
 
The reduction of sulfonyl fluoride was sensitive to reaction conditions, as shown in 
Table 4.1. Control of the reduction reaction was achieved by using moderately 
concentrated hydrazine and monitoring the reaction time, the results of which are shown 
in Figure 4.3. Using a mixture of 50% (w/w) hydrazine in water, the total conversion of 
sulfonyl fluoride was proportional to reaction time. Different batches of precursor 
material showed different reaction rates, as shown in Figure 4.3a. This difference could 
not be explained by normalizing the extent of conversion by precursor mass (Figure 
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4.3b), or by precursor thickness or volume (not shown). Furthermore, within the same 
batch of precursor, there was variability in the reaction rate when different amounts of 
precursor were used. Figure 4.3c shows data for 155 cm2 and 19 cm2 samples soaked in 
60 mL of identical hydrazine solutions. Even though reactant hydrazine was present in 
excess for both samples, the reaction rate was considerably higher for the smaller 
samples, indicating that reaction is favored in large excesses of hydrazine. 
 
Table 4.1. Attempted synthetic routes to c/s membranes (continued on next page). 
Step 1: reduction of Rf—SO2F to Rf—SO2H 
Synthetic route Outcome 
Contact with forming gas (3.5% H2 in 
inerts) at 120°C 
SO2F not reduced 
Soak in dilute aqueous hydrazine, room 
temperature to 95°C 
SO2F not reduced 
Soak in concentrated hydrazine (> 50% 
w/w), room temperature 
SO2F rapidly reduced, no control over the 
extent of reduction, membrane damaged 
after short soak times 
Soak in concentrated or diluted hydrazine 
(> 20% w/w) in DMSO, room temperature 
SO2F rapidly reduced, little control over the 
extent of reduction, membrane damaged 
after 1 h, maximum conversion 30% 
Soak in diluted hydrazine (20-50% w/w) 
with Ca2+ added as a fluoride scavenger to 
increase conversion of SO2F 
SO2F not reduced 
Soak in diluted hydrazine (20-50% w/w), 
room temperature 
SO2F reduced, extent of reduction 
controlled by soak time, extensive soaks 
lead to membrane damage, maximum 
conversion 30% 
Soak in several fresh batches of diluted 
hydrazine (20-50% w/w), room 
temperature 
SO2F reduced, additional soaks lead to 




Table 4.1 Attempted synthetic routes to c/s membranes (continued). 
Step 2: hydrolysis of Rf—SO2F to Rf—SO3- 
Synthetic route Outcome 
Soak in hydrolysis mixture at ≥ 80°C 
(usual route for hydrolysis of Nafion 
precursor (69)) 
SO2F completely hydrolyzed in 20 min, 
loss of ion exchange capacity due to 
probable formation of disulfide bonds (37, 70, 
71) between unstable SO2- moieties (72, 73), 
large holes form in membrane sheets 
Soak in hydrolysis mixture at < 80°C SO2F completely hydrolyzed in 20 min, no 
loss of ion exchange capacity 
  
Step 3: oxidation of Rf—CF2SO2- to Rf—CO2- 
Synthetic route Outcome 
Soak in hot concentrated HNO3 (a typical 
reagent used to oxidize sulfinic acid to 
sulfonic acid (74)) 
SO2- not oxidized 
Soak in concentrated H2O2, room 
temperature to 90°C 
SO2- not oxidized 
Heat in air in a salt (K+ or Na+) form up to 
200°C 
SO2- not oxidized 
Heat in air in acid form at < 80°C SO2- not oxidized 
Heat in air in acid form at ≥ 80°C SO2- rapidly oxidized, loss of ion exchange 
capacity due to desulfinization (72, 73), loss 




Table 4.1 Attempted synthetic routes to c/s membranes (continued). 
Reflux in water in a salt form SO2- not oxidized 
Reflux in water in acid form SO2- completely oxidized in 3 days 
Soak in water saturated with air or oxygen 
at < 80°C in acid form 
SO2- completely oxidized in several weeks 
Soak in water saturated with air or oxygen 
at ≥ 80°C in acid form 
SO2- completely oxidized in 2-4 h 
Soak membranes in salts of Fe, V, U, Co, 
Ni, Cu, or Mn to speed oxidation in air, as 
suggested by Grot (66) 
Not considered since multivalent cations 
are very difficult if not impossible to 
remove from Nafion, and can cause 
significant reductions in performance in 
electrochemical cells (39, 75) 
  
Other approaches starting from sulfonate-form Nafion 
Synthetic route Outcome 
Procedures described by Grot et al. (66) 
using pressurized fluorine/oxygen mixtures 
Not considered due to safety concerns 
Procedures described by Fujimura et al. (55) 
using aqueous reagents 
Procedures could not be reproduced 
accurately, extensive process times of 
weeks and months, use of halogenated 
reagents and creation of excessive amounts 
of waste, no control over extent of 
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Figure 4.3. Relationships between reduction time and conversion to carboxylic acid 
moieties for two lots of precursor material (a), for all samples normalized by precursor 
and reactant mass (b), and for different size sheets from the same batch of precursor, 
contacted with the same volume of hydrazine (c). Calculation of carboxylate content is 
described below. Solid lines are linear least squares fits of the data. Correlation 
coefficients are provided to compare the goodness-of-fit of each of the regressions. 
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Steps 2 and 3 in the conversion process (hydrolysis of sulfonyl fluoride and oxidation 
of sulfinic acid, respectively) were also sensitive to reaction conditions, as indicated in 
Table 4.1. Ultimately, it was determined that the sulfinate intermediate (see Figure 2.3) is 
unstable at temperatures above 80°C, and that a combination of heat, protons, water, and 
molecular oxygen are necessary to oxidize the perfluorinated sulfinic acid to a 
perfluorinated carboxylic acid without loss of ion exchange capacity. The presence of 
water is especially important as it appears to stabilize the reactive sulfinic acid group so 
that cleavage of the C—S bond, leading to increased EW, is hindered. 
Using any combination of synthesis routes, the total conversion of sulfonyl fluoride to 
carboxylate was limited to ~30% of all functional groups. With reaction mixtures of 50% 
hydrazine (w/w), conversion to 30% SO2H (later oxidized to CO2H) rarely required more 
than 1.5 h, and the resultant membranes retained an EW near 1100 g mol-1. If membranes 
were reduced for longer periods, however, they retained their maximal 30% SO2H 
content and had significantly elevated EW values, indicating loss of functional groups. 
The loss of ion exchange capacity was explored with 19F NMR, shown in Figure 4.4. In 
the figure, a sulfonyl fluoride precursor membrane is compared to a c/s membrane that 
was initially reduced in concentrated hydrazine for 24 h. Peak assignments were obtained 
from a recent paper by Chen and Schmidt-Rohr (76),  and the peaks are labeled with 
letters. A few differences can be noted in the NMR spectra. First, the c/s film shows an 
absence of the peak at 43.4 ppm, indicating that all sulfonyl fluoride was either reduced 
or hydrolyzed in the conversion process. Second, the c/s film shows a drastically reduced 
peak at ~118 ppm, indicating that a significant portion of the distal CF2 group on the 
polymer side chain (see Figure 2.1b) was removed upon conversion. The removal of this 
CF2 is expected, at least partially, since the side chain is shortened upon oxidation of 
sulfinic acid to carboxylic acid (compare Figure 4.1 and Figure 2.1b). Still, FTIR analysis 
of this c/s membrane (explained later) showed a carboxylate content of ~30%, which 
means that a significant number of side chains should have retained the distal CF2S 
group. For such a large reduction in peak intensity, it is expected that a significant 
amount of side chain destruction near the ends of the chains occurred. This notion is 
supported by the c/s membrane’s measured EW of 1731 g mol-1, indicating that about 
36% of all ionic groups were removed in the conversion process. Third, the c/s film 
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shows a shoulder on the left side of peak ‘d,’ whereas the sulfonyl fluoride film does not. 
According to Chen (76), this peak is a superposition of peaks at -80.4, -80.1, and -79.9 
ppm corresponding to the side chain CF3, proximal OCF2, and distal OCF2, respectively. 
The formation of this shoulder is likely due to a loss of distal OCF2 or a loss of all groups 
associated with peak ‘d’ with extra loss of distal OCF2, which would reduce the shape of 
the left side of the peak. Again, this supports the suggested side chain degradation and the 
observed increase in EW. Fourth, the small peak at -143.8 ppm is diminished upon 
conversion to the mixed ionic form. Since this peak corresponds to side chain CF groups, 
the reduction in peak intensity is further evidence of side chain degradation. Finally, upon 
integration of the peaks in Figure 4.4 and subsequent ratio analysis, we find that, 
excluding intensities from peak ‘c’ (which should be reduced upon oxidation of sulfinic 
acid), a lower percentage of total fluorine lies in the side chains of the c/s film than in the 
precursor film (see Table 4.2). Unlike other c/s membranes considered in this study, the 
c/s membrane shown in Figure 4.4 was reduced for a significantly longer period than 
other samples with all other conversion procedures remaining the same. Since the film 
showed an increased EW while other c/s films did not, it is suggested that degradation 
occurs only in the reduction step. Therefore, it is not recommended that precursor films 
be reduced for longer periods than needed to achieve the 30% ‘equilibrium’ limit. 
 After oxidation of the sulfinic acid intermediates, the c/s membranes were stable in 
harsh chemical environments including peroxides and concentrated mineral acids and 
bases. Cleaned c/s films were transparent, flexible, and tough, resisted tearing, and had 
similar density and thickness to Nafion 111. The EWs of a number of c/s films were 
measured and are shown in Table 4.3, along with other membrane properties, used in 
later discussions. The naming convention for the sample membranes is as follows:  S 
indicates that the film is symmetric (contacted on both sides with hydrazine), the next 
three numbers indicate the reduction time in min, the next two numbers indicate the 
volume fraction of hydrazine used in the reduction reaction (%), w indicates that water 
was used as a diluent, HL or H indicate large or small batches of material, and (i) or (d) 
indicates that the precursor came from Ion Power, Inc. or DuPont Fuel Cells, 
respectively. The data in the table show that the conversion procedures do not cause a 















Figure 4.4. 19F NMR data for sulfonyl fluoride precursor (i) and a c/s film (ii), stacked for 
comparison. The c/s film was reduced for 24 h in concentrated hydrazine and further 
converted to the c/s form. Peaks marked with an ‘*’ are spinning sidebands. Peaks ‘bb’, 
‘a’, ‘b’, ‘c’, ‘d’, and ‘e’, correspond to CF2 in the PTFE backbone, CF in the PTFE 
backbone, CF in the side chain, CF2S in the side chain, a combination of OCF2 and CF3 
in the side chain, and SF in the sulfonyl fluoride precursor, respectively. 
 
periods. As noted previously, it does not appear that greater than 30% conversion to 
carboxylate can be achieved using the described procedures. Fortunately, membranes 
with carboxylate contents higher than 30% have poor electrochemical transport properties 
(shown in Chapters 5 and 6), so this conversion limitation should not prevent the 
synthesis of useful ionomer films. 
 Finally, FTIR analysis confirms that the c/s membrane synthesis procedure 
completely converts the sulfonyl fluoride precursor to a membrane with only carboxylate 
and sulfonate-terminated side chains. FTIR data of a representative c/s membrane, 
compared to sulfonyl fluoride precursor, is shown in Figure 4.5. The figure clearly shows 
the elimination of S—F stretching and vibrational peaks at 1470, 1306, 823, 797, 606, 
and 463 cm-1 (37, 77), formation of the C=O stretch peak at 1785 cm-1 (66), formation of the 
S—O symmetric stretch peak at 1060 cm-1 (36), and formation of water bands at high 
wavenumber. All other peaks are due to the fluorocarbon backbone and side chain ether, 
present in both films. 
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Table 4.2. 19F NMR peak intensities and ratio analyses. 




bb 181.5 215.9 
a 13.3 6.9 
b 14.6 15.9 
c 18.5 4.8 
d 63.0 55.6 
Total (less CF2S) 272.4 294.3 
Total Side Chain          
(less CF2S) 
77.6 71.5 
Ratios   
Total Side Chain to Total 
(less CF2S) 
28.5% 24.3% 












































Figure 4.5. FTIR spectra of N111-F and c/s membrane S095.75w.HL. Absorbance peaks 





Table 4.3. Carboxylate content and EW of several c/s membranes from two lots of 
precursor material. 
Membrane Name Carboxylate 






(µm ± 1µm) 
Liquid Water 
Sorption at Room 
Temperature (λ, 
moles H2O per mole 
equivalents) [wt %] 
HP (i) 0 1120 ± 26 33 20.5 ± 0.9 [31.0]
HP (d) 0 1049 ± 22 25 18.0 ± 1.5 [28.8]
S020.75w.HL (i) 2.4 ± 0.3 1140 ± 25 34 19.3 ± 0.9 [28.6]
S030.75w.HL (d) 4.4 ± 0.4 1134 ± 15 31 18.9 ± 1.1 [28.0]
S040.75w.HL (i) 4.4 ± 0.4 1112 ± 24 33 17.1 ± 0.8 [25.7]
S040.75w.HL (d) 5.3 ± 0.4 1094 ± 11 n/a 16.8 ± 0.7 [25.7]
S045.75w.HL (d) 5.1 ± 0.4 1158 ± 15 30 19.3 ± 0.6 [28.0]
S055.75w.HL (d) 5.5 ± 0.4 1137 ± 11 n/a 18.2 ± 1.8 [26.9]
S060.75w.HL (i) 5.6 ± 0.4 1110 ± 24 31 16.6 ± 0.7 [25.0]
S065.75w.HL (d) 11.4 ± 0.5 1128 ± 24 33 18.4 ± 0.5 [27.4]
S065.75w.HL (d)  
(repeat) 
12.7 ± 0.4 1111 ± 11 31 16.8 ± 1.2 [25.3]
S070.75w.HL (i) 7.5 ± 0.4 1126 ± 24 30 15.9 ± 0.7 [23.4]
S075.75w.HL (d) 16.1 ± 0.4 1357 ± 14 29 18.4 ± 0.9 [22.8]
S077.75w.HL (d) 17.6 ± 0.4 1144 ± 14 28 18.1 ± 0.6 [26.6]
S090.100.H (i) 30.0 ± 0.2 1011 ± 12 31 5.4 ± 0.4 [7.7]
S095.75w.HL (d) 20.4 ± 0.3 1170 ± 17 32 17.6 ± 0.6 [25.2]
S165.75w.d 28.4 ± 0.1 3953 ± 500 n/a 30.4 ± 0.6 [13.4]
a Thickness as measured after reaching equilibrium in transport experiments. ‘N/a’ 
indicates that the membrane was not used in transport tests. 
 
4.3 Determination of Carboxylate Content 
The bulk carboxylate content (mole percentage of carboxylate anionic sites) was 
measured using FTIR or XRF. To quantify carboxylate content via XRF, c/s films were 
ion exchanged to the K+ form as explained in Chapter 2. Second, a series of potassium 
triflate (CF3SO3K) salt solutions were prepared from triflic acid, KOH, and KCl to mimic 
S and K atoms in c/s films. A salt ratio of zero S to finite K mimics a membrane with 
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100% carboxylate functional groups (no S from SO3-), and a ratio of 1 mimics a 
membrane with 100% sulfonate functional groups (one K+ for each SO3- and no excess 
K+ associated with CO2-). Ratios between 0 and 1 mimic mixed carboxylate/sulfonate 
samples. Triflic acid was chosen so that the S and K atoms would reside in a fluorinated 
environment, similar to the ionomer. Third, the salt solutions were placed onto glass 
slides with Pasteur pipettes, evaporated to dryness, and analyzed for S and K content with 
XRF (scan area 1 cm2). Fourth, a calibration curve was generated from the XRF data, 
correlating the actual ratios of S and K in the salt samples to the relative intensities of S 
and K obtained from XRF. This calibration is shown in Figure 4.6. Finally, the K+-form 
c/s membranes were analyzed for S and K atoms, and the carboxylate contents obtained 
from the calibration. 
 





































































Figure 4.6. Simulated carboxylate contents from potassium triflate and KCl salts 
correlated with ratios of XRF intensities for S and K atoms. The solid line is a linear least 
squares fit of the data. IS and IK are the XRF intensities of S and K atoms, respectively. 
 
Since the XRF instrument used in this work had very limited availability, a second 
method was devised to measure carboxylate content in the films via transmission FTIR.  
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Transmission spectra for N111 and a representative c/s membrane are shown in Figure 
4.7. Both spectra show a strong –SO3H stretch at ~1060 cm-1, indicating that only a 
fraction of the sulfonyl fluoride groups in the precursor material are converted to 
carboxylic acid in the conversion process. The c/s membrane spectrum shows a strong 
absorption band at 1785 cm-1 corresponding to the carbonyl stretch and a very weak 
absorption band at ~1450 cm-1 associated with the O—H stretch in CO2H (38). In 
comparison, the N111 spectrum shows no absorption bands associated with the 
carboxylic acid, a very strong H3O+ absorption (39) at ~1700 cm-1, and a broad feature 
centered at 2210 cm-1 likely associated with water. Aside from these peaks, there is little 
difference between the two spectra. It is important to note that there are subtle differences 
in the two spectra at high wavenumber as well as obvious differences at 1700 and 2210 
cm-1, due to differences in the amount and nature of sorbed water in the vacuum dried 
membranes. This is an important result as it suggests a change in the chemical 


















































Figure 4.7. Transmission FTIR spectra of vacuum dried c/s membrane S095.75w.HL and 
Nafion 111, both in the H+ counterion form. Spectra are stacked for comparison and the 
dashed line is added to guide the eyes. 
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The same samples used in XRF analysis were acidified and prepared for FTIR 
analysis as explained in Chapter 2 Section 14. Next, transmission FTIR spectra were 
collected at 6 different locations across a film area of 3 cm2. Each collected spectrum was 
normalized and baseline-corrected using Thermo-Nicolet Omnic software. Then, first and 
second derivative peaks were generated to find the inflection points in characteristic 
SO3H and CO2H peaks (~1060 and ~1785 cm-1, respectively), as demonstrated in Figure 
4.8. Next, nine peak areas were calculated for both CO2H and SO3H peaks, 
corresponding to measured data lying at, just above, and just below the peak inflections. 
Then, peak area averages and standard deviations were determined and the ratios of 
SO3H/CO2H peak areas were calculated. Peak area ratios were used since samples 
inevitably vary in thickness and hence absorbance intensity. These steps were then 
repeated for all other sample spectra. When all peak area ratios and their uncertainties 
had been determined, a weighted average peak area ratio was calculated and plotted 
against the carboxylate content obtained via XRF. This correlation is shown in Figure 
4.9. 
Figure 4.9 can be used to determine carboxylate content in any c/s film as long as the 
film is thin enough to allow transmission FTIR measurement (< 60 µm) and as long as 
the sample has been converted to the H-form and vacuum dried. The drying step is 
particularly important since the carboxylic acid is resonance stabilized and easily 
solvated, which leads to an effective lowering of the carbonyl stretch intensity at ~1785 
cm-1 (72), and since the SO3H peak increases in intensity upon hydration (78). The only way 
to assure repeatable and comparable results is to analyze dry membranes. Determination 
of carboxylate content at different locations across membrane areas using FTIR showed 
that the conversion procedure produces films of uniform ionic composition. For thicker 
films (>60 µm up to 1 mm), the XRF method is recommended. 
 
4.4 Distribution of CO2H Groups through the Thickness of the Membrane 
It is of fundamental interest to know how the carboxylic acid moieties are distributed 
throughout the converted polymer, both for design of membrane separators and to help 
explain experimental results. Conceptually there are three possible locations where the 















































































































































Figure 4.8. Determination of FTIR peak areas between peak inflection points. The shaded 
region is the area used for peak area ratios. 
 
membrane surfaces, as homogenously dispersed entities surrounded by sulfonic acid 
groups, or as a mixture of the two. 
ATR and transmission FTIR data, shown in Figures 4.10-4.12, suggest that the 
surfaces of the c/s films are enriched with carboxylic acid equivalents. Figures 4.10 and 
4.11 show comparative transmission and ATR spectra from several c/s membranes, and 
Figure 4.12 compares the bulk average and surface carboxylate contents in each film. The 
transmission spectra show an evolution of the strong CO2H peak at ~1785 cm-1 as the 
reduction time increases, and a slight decrease in the intensity of the –SO3H stretch at 
~1060cm-1. The ATR spectra, in comparison, show a strong absorption at ~1785 cm-1 for 
all c/s membranes, and a uniform absorption at ~1060cm-1, which is considerably smaller 
than the corresponding peak in hydrolyzed N111-F.  
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Figure 4.9. Correlation between peak area ratios from FTIR, and bulk carboxylate content 



















































Figure 4.10. FTIR transmission spectra of c/s membranes and HP. Spectra are stacked for 


















































Figure 4.11 FTIR ATR spectra of c/s membranes and HP. Spectra are stacked for 
comparison and measured carboxylate content (%) is indicated above each spectrum. 
 
Figure 4.12 shows that the concentration of CO2H moieties near the surface is 
between 20-28%. Each film has one surface with slightly higher carboxylate content, 
which is likely due to the fact that the upper surface of the precursor film periodically 
dried out during the reduction process before being resubmerged in hydrazine. Since 
ATR measurements probe the surfaces of the films while transmission measurements 
sample the bulk of the films, it is evident that the surfaces of the films have a high 
concentration of carboxylic acid substituted equivalents while the bulk of the films 
probably contain a lower concentration. This suggests a layered membrane, with 
carboxylate-rich surfaces and a sulfonate-rich core. 
In addition to FTIR analysis, two other instrumental methods were explored in an 
attempt to quantify the distribution of CO2H groups through the film thickness. First, 1H 
self-diffusion coefficients were measured by PGSE-NMR and fit to two time constants in 
an attempt to isolate different proton mobilities in carboxylate-rich and carboxylate-poor 
regions of the films. Second, films were ion exchanged to the K+ form and energy 
dispersive X-ray spectroscopy was used to measure the relative abundances of K and S 
atoms across the film thicknesses. Unfortunately, neither method provided conclusive 

































































































Figure 4.12. Carboxylate contents in c/s films at the surfaces and in bulk as measured by 
ATR and transmission FTIR.   
 
4.5 Applications for C/S Membranes not Explored in this Thesis and Adaptations 
of the C/S Membrane Synthesis Procedure 
As will be shown in Chapters 5 and 6, c/s membranes have interesting ion and water 
transport characteristics that may make them useful in direct methanol fuel cell and acid 
dehydration applications. Aside from these uses, the c/s membranes may have utility in 
other membrane separation applications, especially electrically driven applications like 
electrodialysis and the chlor-alkali process. The carboxylate regions of the ionomer are, 
as mentioned in the introduction, more cation/anion selective than sulfonate regions, with 
the caveat that they also show increased mass transfer resistance over perfluorosulfonate 
ionomers. Since the carboxylate regions can be formed as thin layers, the c/s membranes 
should provide improved separation characteristics and higher process rates than the 
commercially available sulfonate/carboxylate bilayer membranes. Further, the 
fluoropolymers’ chemical stability makes them useful in a range of harsh environments.  
In addition to producing mixed carboxylate/sulfonate membranes, the conversion 
procedure outlined in Chapter 2, Section 3 might be adapted to produce other mixed 
functionality ionomer films. This is possible because of the reactive nature of the sulfinic 
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acid intermediate. No studies have been found that compare the reactivity of sulfinic 
acids in a perfluorinated environment to those in a hydrogenated environment. However, 
it is known in general that sulfinic acids disproportionate to form disulfide and —S—O—
S— linkages (79), which may be useful in the crosslinking of ionomer materials to reduce 
swelling. In fact, Kerres et al. have shown the ability to make crosslinked 
polyethersulfone Udel™ membranes by using sulfinic acids as chemical crosslinkers (73). 
Sulfinic acids readily undergo nucleophilic attack by halogens, giving the interested 
researcher a number of options for additions to the polymer side chains. Due to the 
unique chemistry of sulfinic acids, they are able to undergo reaction at the S or O atom, 
yielding sulfone and/or ester products. Sulfinic acids can react with unsaturated 
hydrocarbons to form sulfones and sulfinic salts can react with iodides or carbonyl 
halides to form esters (79). The result is that many modifications to the perfluorinated 
ionomer precursor should be possible. Alternatively, multi-functional films can be made 
through a combination of procedures outlined in this work and methods developed by 
others. For example, Greso et al. have shown that additions to the side chain can be 
achieved by reaction of the sulfonyl fluoride group with organoalkoxysilanes (77). 
Therefore, there are many routes for the modification of Nafion or other 
perfluorosulfonated ionomers at the terminal side chain sulfur atom, once a reactive form 
of the ionomer is obtained. 
The procedures outlined above can also be extended to make membranes with 
different distributions of functional groups. For instance, a single side of the precursor 
film could be reduced to form an asymmetric membrane, or, a converted film could be 
solution processed using a technique such as that developed by Moore and Martin (80) to 
form a film with evenly-dispersed sulfonate and carboxylate or other moieties. 
As a final note, upon completion of this thesis, two additional literature methods for 
producing sulfinic acid from sulfonyl halide were found, which were not explored in this 
study. These methods include reaction with sodium sulfite and water to form the sulfinic 
acid, sodium fluoride, and sodium bisulfate, and reaction with aluminum hydrides to 
form sulfinate and hydrogen gas (81). It was also noted in the literature, however, that 
extreme care must be taken to maintain low temperatures in the aluminum hydride 
reaction (to prevent further reduction of sulfinate). These methods should certainly be 
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explored as alternatives to reduction with hydrazine, but it is unclear at this time if the 
fluorinated environment will affect these reagents’ reactivity with sulfonyl fluoride, as it 
does the oxidizability of sulfinic acid. 
 
4.6 Conclusions 
C/s ionomer membranes with bulk carboxylate contents up to 30% can be made from 
Nafion precursor film. The films retain their EW values through the chemical conversion 
process, and are stable in harsh chemical environments, similar to their sulfonate form 
counterparts. The c/s films have a layered structure with carboxylate-rich surfaces, and 
have the potential to provide the anion exclusion capabilities of carboxylate form Nafion 
with the high mass transfer characteristics of sulfonate form Nafion. By employing the 
unique conversion process used to make c/s films, it may be possible to fabricate Nafion 








FUEL CELL APPLICATIONS OF C/S MEMBRANES* 
 
5.1 Background 
Perfluorinated ionomers are widely studied for use as polymer electrolyte membrane 
(PEM) materials in low temperature hydrogen fuel cells and direct methanol fuel cells 
(DMFCs). In particular, the Nafion membranes, produced by DuPont, and similar 
perfluorosulfonic acid (PFSA) ionomers manufactured by Dow and Asahi Glass, have 
drawn significant attention. These materials require continuous hydration to maintain 
high proton conductivity in H2/O2 fuel cells, a condition that is difficult to achieve, 
especially when operating above 100°C. Further, these materials do not provide a 
sufficient barrier to methanol permeation, resulting in power and fuel losses in the DMFC 
(22, 82-84). Since electrode kinetics are enhanced and since catalyst poisoning is less severe 
above 100°C in H2/O2 fuel cells, there is a great interest in PEM materials that can 
maintain high proton conductivity at elevated temperatures (3, 44, 85). And, to reduce or 
eliminate methanol crossover in DMFCs, PEM materials with decreased methanol 
permeability and high proton conductivity are especially desired (86-88).  
In principle, both problems could be solved with an electrolyte that allows rapid 
transport of protons through its bulk while being impermeable to water and methanol. 
Unfortunately, efficient proton conduction in modern PFSAs is dependent on water to act 
as a ‘bridge’ or carrier between covalently bound anionic moieties. A logical step toward 
water independence will be to develop PEM materials that require less water for high 
proton conductivity, and/or to develop materials that do not rely on highly mobile water 
for proton conduction. Researchers have approached the issue of coupled water and 
proton transport in many ways, including incorporation of fillers or dopants in the 
polymer matrix to enhance proton conduction at high temperatures and low membrane 
water content (85, 89-92), and to reduce methanol permeation in the electrolyte (56, 84, 93, 94). 
Other methods include the copolymerization of functional additives with the polymer 
matrix to align conducting pathways and the coupling of sulfonic acid functional groups 
                                                 
* This chapter is an expanded and reformatted version of a manuscript in press: Hensley, J.E.; Way, J.D., 
The Relationship Between Proton Conductivity and Water Permeability in Composite 
Carboxylate/Sulfonate Perfluorinated Ionomer Membranes, J. Power Sources, 2007. 
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with active sites in mesoporous ceramic materials to limit membrane swelling (95, 96). In 
general, the goals of these research activities are to increase the structural order of water 
in the PEM, to increase the water uptake by the polymer, to hold water in place within the 
ionomer, or to shorten the path the protons must take to permeate the membrane.  
For researchers involved in the development of these improved PEM materials, it is 
important to know how the transport of protons is affected by membrane modification, 
and how it differs from conduction in unmodified PFSAs. It is now well established that 
when fully hydrated, protons diffuse through Nafion and Nafion-like membranes by two 
mechanisms: along fixed sulfonic acid sites and structured water molecules by a Grotthus 
or “hopping” mechanism and as hydrated ions, the so-called “vehicle mechanism” (3, 86, 
97). It is thought that the Grotthus mechanism plays a larger role in proton conductivity in 
highly water-swollen sulfonic acid based ionomers (4, 98), yet experimental evidence 
shows that the electroosmotic drag coefficient, or number of water molecules co-
transported with each conducting proton, increases as membrane water content increases 
(4, 46, 99). Furthermore, it is known that as PFSAs swell (increase in water content), both 
the self diffusion coefficient of water within the membrane and the proton conductivity 
increase in kind (43, 53, 100). Therefore, this strongly suggests that water transport and 
proton transport in hydrated Nafion films are linked, and that performance in both areas 
is dependent on the polymer’s chemical structure and/or morphology.  
Based on the above commentary, a membrane that allows high proton conductance 
via the Grotthus mechanism only is highly desirable (44, 85, 91). In such a film, one might 
expect high conductance with little to no water permeance. In improved PEM materials, 
an obvious criterion for enhanced fuel cell performance is high proton conduction at high 
temperatures and lowered relative humidity (RH). Few researchers go beyond this 
criterion before further testing the membranes in a fuel cell environment, however; when 
in fact the conductivity test will not give insight into the relative contribution of Grotthus 
proton hopping. If the dominant proton conduction mechanism in the film requires 
highly-mobile water for “vehicle”-type proton movement, the membrane will likely dry 
out in fuel cell operation due to electroosmotic drag of water, regardless of the 
performance in static conductivity tests. Therefore, measurement of the long-range 
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mobility of water within the membrane may be as important as the measurement of bulk 
conductivity when screening new electrolyte materials.    
In this chapter, proton conductivity and water permeability in c/s membranes is 
investigated in general, and a number of tests were performed to screen the c/s 
membranes for potential suitability in fuel cell use. Since the carboxylic acid form of 
Nafion is known to exhibit lower water permeability than the sulfonic acid form (67), 
water permeability can be adjusted by changing the carboxylate contents in the c/s films. 
Permeability and conductivity data were collected for the c/s membranes, and the results 
interpreted quantitatively. Qualitative analysis was performed by comparing the data with 
observations from small angle X-ray scattering (SAXS), Fourier transform infrared 
spectroscopy (FTIR), water uptake, and methanol/water permeability and selectivity 
measurements. Finally, high temperature and low RH conductivity measurements were 
performed and compared to performance in Nafion, and conclusions are drawn about the 
c/s membranes’ suitability as fuel cell electrolytes.  
 
5.2 Proton Conductivity and Water Permeability in C/S Membranes 
The relationship between bulk proton conductivity and water permeability in c/s 
membranes is shown in Figures 5.1 and 5.2. As Figure 5.1 illustrates, the proton 
conductivity and water permeability are quite low in high carboxylate content c/s 
membranes, indicating that the carboxylic acid moieties restrict the mobility of protons 
and water in the films. This is consistent with other studies which have shown very poor 
ionic conductivity in carboxylate-form Nafion (22). Below 30% CO2H, the c/s 
membranes’ performance becomes more interesting. As carboxylate content increases, 
proton conductivity decreases proportionally and water permeability decreases 
exponentially. This result is shown from a different perspective in Figure 5.2, where 
proton conductivity is plotted versus water permeability on a semi-log scale. Clearly, 
there is a relationship between the two quantities, with the proton conductivity affected 
less than the water permeability as carboxylate concentration increases. As an example, 
by increasing the carboxylate content from 2.4% to 7.5% and 11.4%, proton conductivity 
decreases by 26.9% and 32.7% while water permeability decreases by 67.7% and 97.0%, 
respectively. Proton conductivity typically scales with water content  in PFSA 
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membranes (33, 46), as does water permeability (4, 16, 46, 51, 52). Therefore, at a given 
carboxylate content and water sorption, water permeability is expected to scale with 
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Figure 5.1 Water permeability at 35°C and proton conductivity at room temperature and 
100% relative humidity in c/s films. All measurements were taken with films in the acid 
form. Solid lines are least squares fits of linear and exponential functions for conductivity 
and permeability data, respectively. 
 
The results shown in Figures 5.1 and 5.2 suggest that proton conduction in the c/s 
films is occurring via the two classical mechanisms: by Grotthus proton hopping and as 
hydrated cations. If protons were moving though the ionomer as hydrated ions only, the 
conductivity should scale with permeability; i.e. if water mobility were significantly 
reduced in the membrane, proton movement should be as well. Conversely, if protons 
were moving through the ionomer by ‘jumping’ between fixed water and anions, the 
conductivity should be independent of water permeability; i.e. the presence of water in 
the membrane should be sufficient for proton conduction, no matter how easily it diffuses 
































































































Figure 5.2. Water permeability at 35°C and proton conductivity at room temperature and 
100% relative humidity in c/s films. All measurements were taken with films in the acid 
form. The line through the data is an exponential least squares fit. 
 
dramatic decrease in conductivity may indicate a shift in the primary conduction 
mechanism in the c/s membranes to a larger Grotthus-type contribution. Kreuer has given  
an in-depth discussion of the mechanisms of long-range proton transport (98), noting that 
proton mobility requires proton transfer reactions within hydrogen bonds and structural 
reorganizations of protonated molecules (water in this case) in non-metallic systems. In 
the presence of short, strong hydrogen bonds, rapid proton transfer is favored. Such a 
situation might be expected in carboxylic acid-rich regions of the c/s membranes, which 
are far less acidic than sulfonic acid functional groups and apt to hydrogen bond with 
water (101). If carboxylate-rich regions of the polymer do indeed hydrogen bond with 
sorbed water, it would be reasonable to expect a decreased mobility of water and an 
enhancement of Grotthus proton hopping. This in turn would explain the conductivity 
and water permeability behavior shown in Figures 5.1 and 5.2: water permeability should 
decrease as it is increasingly “bound” by carboxylic acid groups while proton 
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conductivity should remain high, minus losses due to the lower acidity of the carboxylic 
acid and the higher activation energy associated with proton hopping (98). 
 
5.3 Water Uptake in C/S Membranes 
In light of the above discussion, it is important to determine the water contents in the 
c/s membranes, to ensure that the changes in transport properties are not due solely to 
changes in water uptake. Equilibrium water sorption was tabulated in Table 4.3 and is 
shown in Figure 5.3. For c/s membranes with less than 20% carboxylate equivalents, 
water sorption is nearly uniform, with a slight decrease occurring toward higher 
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Figure 5.3. Room temperature liquid water sorption in c/s membranes. 
 
It is known that carboxylate ionomers absorb less water than sulfonate ionomers (3, 22, 
101), so a steady decrease in water content with increased carboxylate functionality is 
expected. Therefore, the relatively high water sorption at moderate carboxylate content, 
given the above permeability results, is unexpected. Zawodzinski et al. and Meier and 
Eigenberger have shown that as water content decreases in Nafion, water diffusion and 
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water permeability decrease in kind (4, 51). Therefore, we might expect a large decrease in 
water permeability if the water content decreased significantly, which it does not. 
Equation 3.1 states that the permeability will only drop sharply at constant water content 
if the diffusivity of water drops sharply. A reduced diffusivity is potential evidence of 
hydrogen bonding between water and carboxylic acid in the membrane, which could 
significantly slow the movement of water in the membrane. 
Figure 5.4 compares the proton conductivity and equilibrium water sorption in the c/s 
ionomers. In general, membranes with high water content have a high conductivity, but 
no real trend exists; i.e. there is no clear relationship between water sorption and 
conductivity in the c/s films. Like water permeability, the proton conductivity and 
equilibrium sorption in the c/s films do not follow trends typically seen in Nafion. 
Zawodzinski et al. (33) showed that as water content increases in Nafion, conductivity 
increases proportionally. C/s membranes, in contrast, exhibit no clear relationship 
between sorption and conductivity. This indicates that the reduced conductivity in c/s 
membranes must be due to chemical interaction between water, protons, and the 
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Figure 5.4. Relationship between water sorption and conductivity in c/s membranes. 
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It must be remembered that Figures 5.1 through 5.4 show bulk-average data. Since 
the c/s membranes have a layered carboxylate/sulfonate type structure as discussed in 
Chapter 4, the decreases in permeability and conductivity may be due to increased mass 
transfer resistance in the carboxylate-rich layers, causing the overall, averaged values to 
be lower. Even so, the deviations from typical Nafion behavior are noteworthy, and the 
differences in magnitude change in permeability and conductivity cannot be ignored, as 
they suggest significant differences between c/s and sulfonate-form Nafion membranes.  
 
5.4 Behavior of Water in C/S Membranes 
Since water content is not clearly linked to water and proton transport in c/s films, it 
is necessary to evaluate the nature and distribution of water in the films. FTIR was used 
to explore the ‘state’ of water within the c/s films (discussed below), and SAXS was used 
to probe the average size of hydrophilic clusters in the films. Results from the SAXS 
studies are shown in Figure 5.5, both as raw SAXS intensity and as intensity multiplied 
by the square of the reciprocal lattice vector. The latter representation of the data shows 
more clearly the positions of the ionomer scattering maxima. The average sizes of 
hydrophilic domains in the films, estimated with Equation 3.3, are provided in Table 5.1. 
For all membranes considered, less the membrane with 30% CO2H-substituted sites, the 
SAXS profiles show scattering maxima with near-uniform intensity at s ~ 0.018 Å-1, 
similar to the maximum observed in sulfonate form Nafion (55). This result is consistent 
with the data in Figure 5.3, since the ionic scattering maximum should only shift to 
higher s (smaller domain size) and decrease in intensity if water content is reduced (17, 49, 
55, 58, 61). This result was somewhat unexpected, however, since Fujimura et al. (55) showed 
that carboxylate form Nafion membranes do not exhibit an ionic scattering maximum. It 
was expected that the carboxylate groups would not cluster, thereby reducing the 
intensity of the bulk-average scattering peak or changing the size of the clustering feature 
altogether. Figure 5.5 shows that for c/s membranes with at least 20% carboxylate 
substituted equivalents, the ionic scattering maximum does not shift or weaken in 
intensity, indicating that the size or spacing of the ionic domains does not change with 
small substitutions of carboxylic acid. At higher carboxylate contents, there is a 
noticeable shift in the position of the scattering maximum and a weakening in intensity, 
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consistent with the film’s lower water uptake (Figure 5.3). Since the data in Figure 5.5 
are bulk average values, it is possible that the scattering data for low-carboxylate content 
films are not sufficiently resolved for observing the subtle changes in membrane 
morphology. Further, the data for the high-carboxylate content film is ambiguous, as the 
shift in the ionomer peak could be due to lower water content, reduced clustering among 
CO2H groups, or both. Therefore, it is difficult to draw conclusions about the nature of 
water within the c/s films from SAXS data alone.  
 
Table 5.1. Average size or separation of hydrophilic domains in c/s membranes. 
Membrane Carboxylate 
Content (%) 
Average Size or 
Separation of Ionic 
Domains (Å-1) 
N112 0 53 
N115 0 58 
N117 0 48 
HP 0 54 
S020.75w.HL 2.4 55 
S065.75w.HL 11.4 56 
S077.75w.HL 17.6 56 
S095.75w.HL 20.4 57 
S090.100.H 30.0 37 
 
In Section 2 of this chapter, it was suggested that the carboxylate moieties may 
increase the strength of hydrogen bonding interactions between water and covalently-
bound anionic functional groups, resulting in reduced proton and water diffusivity. 
Laporta et al. conducted an extensive study of the hydrogen bonding strengths of water 
within Nafion using FTIR (36), and showed that as bonding strength increased, the H2O 
bending peak at 1643 cm-1 underwent a blue shift to higher wavenumber while the H2O 
stretching peak (ν ~ 3400-3500 cm-1) underwent a red shift to lower wavenumber. It was 
shown that as water content and cluster size increased, the strength of hydrogen bonding 
interactions between water molecules increased, consistent with Kreuer’s hypothesis that 











































Figure 5.5. SAXS data for c/s membranes (a) and data multiplied by s2 to show the 
position of the scattering maximum more clearly (b). All data was collected at room 
temperature with films saturated in liquid water. The carboxylate contents of the films are 
provided in the figure legend. 
 
Zawodzinski’s observation that proton conductivity increases with increased 
hydration(33). 
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Based on Laporta’s results, it was expected that given a similar water content, the c/s 
membranes should exhibit a blue shift in the H2O bending peak and a red shift in the H2O 
stretching peak as carboxylate content increased, due to increased hydrogen bonding in 
the presence of carboxylic acid. FTIR ATR spectra were collected for c/s membranes that 
had been equilibrated with liquid water, and FTIR transmission spectra were collected for 
c/s membranes that had been equilibrated with room air (RH ~ 22%). These conditions 
were chosen because of the unavailability of a controlled humid environment in the FTIR 
sample chamber and so samples could be compared at two different water contents (low 
and high), and in two different polymer regions (surface and bulk). Once spectra had 
been collected, the positions of the H2O stretching peak maxima were determined, and 
compared between membranes. Unfortunately, the H2O bending peak appears as a 
shoulder on the carbonyl stretch peak in c/s membranes, and its absolute position could 
not be determined. The results of this experiment are shown in Figure 5.6. 
 The results in Figure 5.6 are consistent with Laporta’s results (36), in that the more 
hydrated films (Figure 5.6a) show water with stronger hydrogen bonding interactions 
(peak at lower wavenumber) than that in the less hydrated films (Figure 5.6b). Figure 5.6 
is inconsistent with expectations, however, because the hydrogen bonding strength of 
water within the c/s films decreases with increased carboxylate content. This trend is 
especially obvious at the surfaces of the film (Figure 5.6a), where carboxylate content is 
highest. Further, the trend of decreased hydrogen bonding strength with increased 
carboxylate content persists in wet and mostly-dry states. This suggests that sorbed water 
is actually less ordered in the c/s membranes than in Nafion. If true, by Kreuer’s 
arguments (98), the increased disorder explains the reduced conductivity in c/s films with 
increased carboxylate content. Unfortunately, the data in Figure 5.6 cannot help to 
explain why water permeability is reduced in the c/s films, because it considers water-
water interactions, and not water-carboxylate interactions. It is still possible that the 
carboxylate group slows water transport through hydrogen bonding interactions, which 
would be consistent with other results. Therefore, it can only be suggested that water 
transport is not inhibited by significant changes in the c/s films’ uptake and distribution 












































































































































































Figure 5.6. FTIR ATR data for water-saturated c/s films (a) and FTIR transmission data 
for c/s films equilibrated with room air at 22% RH (b). Data points in the plots represent 
the positions of the H2O stretching peak maxima in the c/s films’ spectra. Note that the 
abscissa scales are different due to the broader range of peak positions in drier 





5.5 Methanol and Water Transport in C/S Membranes 
Modern DMFCs suffer many disadvantages over H2/O2 PEM fuel cells, and most of 
these disadvantages are related to their inferior power output per unit area of MEA. One 
of the primary reductions in power output from DMFCs comes from methanol crossover 
through the PEM material. When methanol crosses from anode to cathode, it attaches to 
the cathode catalyst and reacts with oxidant to form CO2 and H2O. Besides wasting fuel, 
the crossed over methanol blocks catalyst sites and effectively ‘shorts out’ the fuel cell. 
Therefore, PEM materials that allow high proton conduction and no fuel crossover could 
substantially improve the performance of DMFCs. Pivovar et al. conducted studies on 
several polymer electrolytes and found that a tradeoff between methanol permeability and 
proton conductivity existed in all materials (86). I.e., if one wants a PEM material with low 
methanol crossover, they should expect low conductivity as well. A low conductivity will 
affect the cell’s performance as much or more than crossover, depending on its load 
demands, and no advantage is gained. Since the c/s membranes show a non-linear 
tradeoff between water permeability and proton conductivity, they may have the potential 
to improve methanol rejection while maintaining high proton throughput.  
As a first test, the c/s membranes were evaluated for methanol and water transport. 1 
and 2 M methanol solutions at 35°C and 50°C were used as feed solutions in the 
pervaporation apparatus described in Chapter 2 Section 6. The total fluxes of methanol 
solution and methanol/water selectivities were collected and the results shown in Figure 
5.7.  
Figure 5.7a shows that as carboxylate content increases, total flux decreases, 
consistent with results for pure water permeation. Furthermore, the flux increases with 
feed temperature and methanol concentration at low carboxylate substitutions, and 
approaches a constant value at higher carboxylate contents. Under the conditions studied, 
the pure water fluxes are higher than the total fluxes of methanol solutions. The data in 
Figure 5.7b show that regardless of film composition, there is no preferential permeation 
of water or methanol, suggesting that the c/s membranes slow the diffusion of both 
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Figure 5.7 Total methanol and water flux (a), and water/methanol selectivity (b) in c/s 
membranes. Error bars are not pictured since their magnitudes are smaller than the scale 
of the plots. 
 
The results in Figure 5.7 are both intriguing and anticlimactic, depending on how they 
are approached. While Figure 5.7a shows a similar trend in total flux and carboxylate 
content for each methanol feed concentration and temperature, it is remarkable to see 
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decreased total fluxes when compared to pure water. Villaluenga et al. (102) showed that 
under a hydraulic pressure driving force, the total flux of methanol/water solutions was 
higher than the total flux of water in Nafion 117. Ren et al. (88) showed that up to a 
concentration of 10 M methanol in water, the water uptake in Nafion remains constant, 
with additional swelling from methanol. Therefore, sorption is expected to remain 
constant or increase with increased methanol concentration, and similar or increased 
solution flux is expected. The fact that the opposite is observed in the c/s films suggests 
that the carboxylic acid functional groups may interact with methanol, slowing its 
diffusion in the membranes.  
The fact that water/methanol selectivity is non-existent in the c/s membranes 
indicates that the carboxylate group must slow the diffusion of methanol and water in a 
similar fashion. The results in Figure 5.7b, although unremarkable, were at least partially 
expected. Kawamura et al. (103) and Ren et al. (21) showed that methanol and water 
partition equally into Nafion membranes over a range of alcohol concentrations. Given 
the non-preferential sorption and similar molecular sizes of the two permeants, it is 
reasonable to expect little to no separation across the membrane. 
Since water and methanol permeation are both reduced in the c/s membranes, it is 
possible that the films could show improved performance in operating DMFCs. A 
number of c/s membranes were pressed into membrane electrode assemblies and tested in 
DMFCs at 80°C with a feed of 2 M methanol. Unfortunately, all eight of the c/s 
membranes and two N111 membranes formed pinholes after 30-60 min in the cell, and 
their performances could not be evaluated. At the time of writing of this thesis, the 
performance of c/s membranes in operating DMFCs is unknown, and should probably be 
evaluated in the future. 
 
5.6 Proton Conductivity in C/S Membranes at High Temperature and Low RH 
In Section 2 of this chapter, it was hypothesized that the c/s membranes may restrict 
water movement by retaining it more strongly. This hypothesis in turn implies that the c/s 
films may exhibit improved water retention at high temperature and hence, better 
conductivity in low humidity conditions. SAXS analysis and uptake measurements 
showed that reduced water permeability is probably not due to reduced sorption, and 
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FTIR analysis showed that water is less ordered in c/s membranes, and may or may not 
be held within the membrane by increased hydrogen bonding. To test the above 
hypothesis, conductivity measurements were performed at elevated temperature and 
reduced humidity. The results of this study are shown in Figure 5.8.  
Ideally, a PEM material will be developed that shows no RH dependence on proton 
conductivity. Figure 5.8 shows that N111 membranes suffer large conductivity losses as 
RH is reduced and that the c/s membranes show identical relationships between RH and 
conductivity. This is an unfortunate result, as it indicates that water must not be strongly 
held within the c/s membranes at elevated temperature, as hypothesized. If the 
membranes did retain good hydration at low RH and high temperature, we would expect 
to see an RH/conductivity relationship with less slope, and better conductivity values at 
lower RH as compared to N111. Therefore, it is apparent that the c/s membranes 
probably offer no advantage over sulfonate-form Nafion films in H2/O2 PEM fuel cells. 
 
5.7 Additional Considerations for C/S Membranes Used in Fuel Cells 
While the mechanism of reduced water permeability in c/s membranes is not 
understood at present, it is probably not important in the context of fuel cell applications. 
It is obvious from the above results that the c/s films cannot offer substantial performance 
improvements in low temperature fuel cells as previously hypothesized. Additionally, it 
is believed that Nafion membranes degrade through a radical depolymerization, which is 
initiated with peroxy radicals and trace carboxylic acid pendent groups in Nafion (44, 45). 
Replacement of sulfonic acid functional groups with carboxylic acid groups should only 
speed the decomposition of Nafion in a fuel cell environment. The combination of 
unimpressive performance and the likelihood of compromised chemical stability render 
the c/s membranes all but unsuitable for fuel cell uses. 
The importance of this study, therefore, is that it explored an uncommon type of 
Nafion modification, and showed the results of such a modification. In particular, the 
study shows that replacement of sulfonic acid with a weaker acid functional group does 
not afford the membrane enhanced water retention, proton conductivity, or 
methanol/water selectivity. Therefore, it is not expected that the replacement of sulfonate 














































Figure 5.8. Proton conductivity in N111 and c/s films at 60°C (a), 80°C (b), 100°C (c), 
and 120°C (d). All data sets contain conductivity measurements that were made as 
humidity was decreased and then increased at constant temperature. The figure is 
















































Figure 5.8. Proton conductivity in N111 and c/s films at 60°C (a), 80°C (b), 100°C (c), 
and 120°C (d). All data sets contain conductivity measurements that were made as 
humidity was decreased and then increased at constant temperature. The figure is 
continued from the previous page. 
 
nor will it address the needs of high conductivity without careful water management in 
H2/O2 PEM fuel cells. Failure in DMFC tests does not necessarily preclude the c/s 
membranes’ suitability in methanol cells, and tests should be performed in the future on 
thicker c/s membranes. However, given the observations in conductivity performance at 
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low RH compared to N111, it is not expected that the c/s membranes will offer great 
improvements in the DMFC.  
As a final note, the reader is reminded that the quantities measured above, save the 
FTIR ATR data, are bulk-averaged values, and may not represent transport behavior at 
the local level. For instance, conductivity may be poor near the surfaces and high in the 
center of the films, averaging to an overall conductivity that is slightly reduced from 
N111. Similarly, the water permeability, swelling, and local microstructure of the c/s 
films may average to values near those for Nafion, while small regions of the film may 
have lower water permeability and water sorption, affecting the overall permeability of 
the membrane. It is possible that the collective effects of different transport resistances 
led to averaged values that looked remarkable, but proved to be otherwise.  
 
5.8 Conclusions 
C/s membranes show interesting transport properties, including a bulk-average proton 
conductivity that decreases linearly with increasing carboxylate content, and a bulk-
average water permeability that decreases exponentially with increasing carboxylate 
content. By themselves, these properties suggest that the c/s membranes might offer 
improved performance in H2/O2 PEM fuel cells and DMFCs. Further tests of the 
ionomers by solvent uptake, SAXS, FTIR, pervaporation, and high temperature 
conductivity, however, show that they offer little to no improvement in H2/O2 fuel cells, 
and may offer limited improvement in DMFCs, if at all. Given the complex synthesis 
procedure for c/s membranes and modest performance improvements (at best), it is 
unlikely that they will ever represent a reasonable replacement for sulfonate-form Nafion 





NITRIC ACID DEHYDRATION WITH C/S MEMBRANES* 
 
6.1 Background 
Nitric acid is an important industrial chemical used primarily in the production of 
fertilizers, nitroglycerine, and TNT, in metallurgical or laboratory applications, or as an 
oxidizer for liquid rocket fuels. It is so widely used that in 2002 its production of 6.8 
billion kg was the 14th largest (by mass) of all chemicals in the United States (104). Nitric 
acid is produced industrially by the Ostwald Process, whereby ammonia is oxidized to 
nitrogen dioxide, which is in turn dissolved in water to form the acid (105). Unfortunately, 
the aqueous product is dilute and must be concentrated for use. Dehydration is typically 
achieved by fractional distillation to the azeotropic point (68-70% w/w) and additional 
extractive distillation with sulfuric acid to produce the anhydrous acid. As expected, these 
distillation steps are very energy intensive. With steady increases in energy prices, 
concerns over CO2 production and global warming, and dwindling fossil resources, it is 
both financially and environmentally prudent to consider ‘green’ separation techniques 
for the concentration of nitric acid. 
An alternative to distillation is the use of a membrane separator, which can enrich a 
desired chemical by virtue of differences in component permeabilities in a membrane. 
Using such a separator, the energy requirements are reduced to electrical power for 
pumps and cooling fluids for condensers (in the case of pervaporation). This reduced 
energy requirement is particularly attractive when separating fluids with high heat 
capacities and enthalpies of vaporization, such as aqueous mixtures, as there is a 
significant savings in heat used for volatilization. 
For nitric acid, the use of a membrane dehydration process is complicated by the 
chemical’s strong oxidation capability. Once nitric acid becomes mildly concentrated, the 
only materials that are stable in contact with it are glass, high-grade stainless steels (SS), 
specialty alloys, and fluoropolymers. Since the sizes of water and nitric acid molecules 
are similar, it is nearly impossible to separate the mixture by sieving with microporous 
                                                 
* This chapter is an expanded and reformatted version of a manuscript in press: Hensley, J.E.; Way, J.D.; 
Reeder, C.; Abney, K.D., The Removal of Water from Aqueous Nitric Acid using Bifunctional 
Perfluorinated Ionomer Membranes, Ind. Eng. Chem. Res., 2007. 
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SS or glass membranes. However, dense hydrophilic fluoropolymers, such as 
perfluorinated ionomers, may provide a suitable permselective barrier that is also 
resistant to oxidative attack. 
Previous works by Sportsman et al. (64, 65) and Ames et al. (67, 68) have demonstrated 
the use of sulfonate and carboxylate-form perfluorinated ionomers for the dehydration of 
nitric acid, using both pressurized liquid and pervaporation to drive the membrane 
separation. The most notable conclusion from their works was that the carboxylate form 
of the ionomer is more permselective to water than the sulfonate form, but at the cost of a 
significantly reduced permeability, and hence process rate. It was determined, in general, 
that the membrane selectivity and permeability could be adjusted by using a combination 
of carboxylate and sulfonate exchange groups in the ionomer. This chapter continues the 
analysis of bifunctional carboxylate/sulfonate (c/s) ionomers for use in nitric acid 
dehydration. The effects of feed temperature and concentration, ionomer composition, 
and type of driving force are evaluated, and the results are compared to expected single-
stage performance in fractional distillation. Next, performance data are compared to 
simple model predictions, which show the complex nature of the materials and of 
pervaporation. Finally, the water/acid separation mechanism is explored, and conclusions 
are drawn about the usefulness of c/s membranes for nitric acid dehydration. 
 
6.2 Acid/Water Separation Characteristics of C/S Membranes 
The separation performances of the c/s membranes under both pervaporation and RO 
operating modes are shown in Figure 6.1. The effect of substituted carboxylate anions is 
significant: under RO, as the carboxylate content increases from 0 to 7.5%, the water flux 
decreases by a factor of 17 and the selectivity remains near unity. Under pervaporation, 
as the total carboxylate content increases from 0 to 30%, the water flux decreases by 3 
orders of magnitude and the selectivity increases by 3 orders of magnitude. In between 
these limits, high separation factors can be achieved with attractive process rates (for 
example, α = 59 at 3.1 kg m-2 h-1 with a 7.5% carboxylate membrane and a 5% HNO3 
feed). At 16% carboxylate content, the measured selectivity is quite low and does not 
follow the overall trend in the data. This result is anomalous and can probably be 
considered an outlier, but must be included since flux data for this membrane appears in 
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Figure 6.1 as well as in other figures. These results, save the selectivity data in RO 
(discussed later), support the hypothesis developed by Sportsman et al. (64) and Ames et 
al. (67):  that the carboxylic acid functional group has a dramatic effect on the acid/water 
separation capabilities of Nafion.  
 The pervaporation data are also compared on the Robeson-type plot (54) shown in 
Figure 6.2, along with data collected at higher feed temperatures. A clear tradeoff exists 
between process rate and water/acid separations, i.e. for a given feed condition, the c/s 
membranes offer the choice of high selectivity or high flux, but not both. Comparing the 
data from different feed conditions in Figures 6.1 and 6.2, it is evident that the 
membranes perform best under dilute acid feeds at higher temperatures. As feed 
concentration increases and/or temperature decreases, water flux and selectivity are 
reduced. For example, a 7.5% c/s membrane contacting a 25% acid feed generates a 
permeate stream with a separation factor of 9 and a flux of 0.6 kg m-2 h-1. Compared to 
the performance of this membrane with a 5% acid feed, these results correspond to an 
85% and 81% reduction in separation efficiency and process rate, respectively. The 
observed increase in both selectivity and process rate at higher temperatures is especially 
interesting. While an increase in flux is expected due to faster diffusion of water within 
the polymer at higher temperature (a kinetic phenomenon), it is also expected that the 
diffusivity of nitric acid will increase in kind, resulting in a separation that is the same or 
worse than the separation at lower temperature. The fact that selectivity and flux increase 
with temperature suggests a separation mechanism that is a weak function of temperature, 
a hypothesis that will be discussed further below.  
As discussed in Section 1 of this chapter, membrane dehydration has been proposed 
as an alternative to fractional distillation for the concentration of mineral acids. To 
evaluate the c/s membranes in this context, the pervaporation data is compared with 
vapor liquid equilibrium (VLE) data in Figure 6.3 (106). At low acid concentrations, the 
separation achieved by distillation is hard to beat, with separation factors well into the 
thousands, and at higher acid concentrations, this separation is less pronounced. The c/s 
membranes have noticeably inferior separation factors, and only approach simple flash 






































































































































Figure 6.1. C/s membrane performance at 35°C in terms of water flux (a) and water/acid 
separation factor (b). Solid symbols indicate RO measurements with a transmembrane 
pressure of 34 bar and open symbols indicate pervaporation measurements. Error bars are 
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Figure 6.2. Tradeoff curves for water/acid separations using c/s membranes in 
pervaporation. Open and closed symbols indicate feed temperatures of 35°C and 50°C, 
respectively. Error bars are not included since the magnitudes of the errors are much 
smaller than the scale of the plot. 
 
water through the membranes at this high carboxylate content is very low, meaning that a 
significant membrane area would be required to process large quantities of acid. 
Therefore, from the standpoints of energy consumption and capital cost, it is evident that 
a simple vacuum distillation procedure (think pervaporation without the membrane) 
should remove water from the acid feed more efficiently and at lower cost than the c/s 
membranes in pervaporation. 
 
6.3 Application of Transport Data to the Solution Diffusion Model  
To understand the mechanisms of water transport and nitric acid rejection in the c/s 
membranes, flux and selectivity data are insufficient. Quantitative analysis of the data 
and comparison of the pervaporation and RO results is best approached through a 
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Figure 6.3. Comparison of pervaporation separations and flash VLE at 35°C and 50°C. 
VLE data were calculated using the rigorous model for the nitric acid and water system 
developed by Clegg and Brimblecombe (106). Arrows indicate increased carboxylate 
content in the c/s films. 
 
dense membranes since it is adaptable to gas diffusion, pervaporation, and RO processes 
and incorporates measurable quantities (107, 108). Although separations with Nafion 
membranes are complex, the discussion of the pervaporation and RO results starts with 
this model, and semi-quantitative analyses are used to develop a hypothesis for the 
rejection mechanism of nitric acid and the transport of water in each process. 
The solution diffusion model starts with the proposition that the flux of a component i 
(ji, mol m-2 h-1) through a membrane is driven by a gradient in chemical potential (µi, m3 
bar mol-1), i.e.: 
 i ij μ∝∇  (6.1) 
Next, the model makes two important assumptions that guide the development of the 
transport equations. First, it is assumed that pressure is constant within the membrane 
phase and equal to the pressure of the feed stream. Second, it is assumed that the fluid 
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and membrane phases are in equilibrium at the fluid/membrane interfaces. To describe 
the transport of permeants using measurable parameters, it is typically assumed that the 
transport of individual species in multi-component systems is decoupled, that liquid and 
membrane phases are incompressible, that the diffusion of permeants is independent of 
their concentration, and that gradients in electrostatic potentials (in the case of ionic 
solutes) do not create a driving force for transport. Using the assumptions above and the 
additional assumption that the ratio of activity coefficients between feed/membrane and 
permeate/membrane phases are equal (constant sorption coefficient), it can be shown that 
for pervaporation, 
 ( )ii io il
Pj p p
l
= −  (6.2) 
and for RO at sufficiently high feed pressures (water flux only), 
 ( ) ( )i io i ii
L x V Aj p p
lRT l
π π= Δ −Δ = Δ −Δ  (6.3) 
Where Pi is the permeability of species i (mol m m-2 h-1 bar-1), pio the partial vapor 
pressure of i in contact with the feed liquid (bar), pil the partial pressure of i in the 
permeate vapor (bar), l the membrane thickness (m), Li a membrane/permeant-specific 
constant (mol m-1 h-1), xio the mole fraction of species i in the feed, iV  the molar volume 
of pure i (m3 mol-1), R the gas constant, T the absolute temperature (K), Δp the difference 
in pressure between feed and permeate streams (bar), Δπ the osmotic pressure (bar), and 
Ai/l (mol m-2 h-1 bar-1) is called the water permeability constant in the RO literature. In 





πΔ =  (6.4) 
Where xj is the mole fraction of dissolved solute in the feed stream. Equation 6.4 assumes 
perfect rejection of species j by the membrane and hence, an upper limit to the osmotic 
pressure of a dilute system. For the experiments performed in this study, this maximum is 
equal to 7.8 bar (1% acid feed at room temperature). A full derivation of Equations 6.2 
and 6.3 can be found in the review by Wijmans and Baker (107).  
The pervaporation flux data have been recast in Figures 6.4 and 6.5 in terms of the 
average water permeability, 
2H O
P , and average nitric acid permeability, 
3HNO
P , calculated 
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using Equation 6.2. If the solution diffusion model were a proper description of transport 
through the c/s membranes, the permeability of each species should be equal for all feed 
compositions and temperatures for a given membrane, i.e. the data sets should lie on top 
of one another. While the water permeabilities in Figure 6.4a are slightly ‘closer’ to one 
another than the water fluxes in Figure 6.1a, it is obvious that the decrease in flux with 
increased feed concentration cannot be explained by a decrease in the vapor pressure of 
feed water alone. Figure 6.5 shows that the water permeabilities, as calculated by 
Equation 6.2, are significantly less at higher temperature. Since Figure 6.2 shows a clear 
increase in water flux with increased feed temperature, it is evident that additional driving 
forces contribute to the flux of water and that water permeation is a weak function of feed 
vapor pressure (and hence temperature). The fluxes of nitric acid are even less correlated. 
Figure 6.4b shows nitric acid permeabilities that vary over many orders of magnitude. 
These calculated permeabilities are unrealistic given the permeabilities of water and the 
small range of separation factors shown in Figure 6.1b. This is strong evidence that the 
solution diffusion model incorrectly describes the transport of nitric acid through c/s 
membranes. In general, the results in Figures 6.4 and 6.5 show that different and/or 
additional driving forces influence the transport of acid and water. These driving forces 
must arise from the non-ideal and complex nature of the c/s membranes.  
The RO data were also analyzed using the solution diffusion model. Figure 6.6 
presents the analysis of the RO flux data for a c/s membrane using Equation 6.3 under 
two extremes: maximal osmotic pressure (perfect separation) and zero osmotic pressure 
(no separation). In either situation, the solution diffusion model indicates that water flux 
should be proportional to driving force. Figure 6.6 indicates that this is indeed the case as 
the flux increases linearly with increased transmembrane pressure. The figure also shows 
that inclusion of the osmotic pressure in the driving force results in a flux/pressure 
relationship that is unrealistic, i.e. ~ 0.1 kg m-2 h-1 water flux with zero pressure gradient. 
Neglecting osmotic pressure, the flux/pressure data fit a line that passes through the 
origin, which should be expected, since it is also shown that no separation is achieved 
under RO (feed and permeate solutions are equivalent). The separation is so poor, in fact, 
that the c/s membranes do not exhibit the typical RO membrane characteristics of 



























































































































































































Figure 6.4. Permeabilities of water (a) and nitric acid (b) through c/s membranes 
calculated using Equation 6.2. Data are for feed temperatures of 35°C and calculations 
assume that the partial pressures of each species are negligible in the permeate gas. Error 
bars are not included since the magnitudes of the errors are much smaller than the scale 
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Figure 6.5. Tradeoff curves for water/acid separations using c/s membranes. Permeability 
values were calculated using Equation 6.2. Error bars are not included since the 
magnitudes of the errors are much smaller than the scale of the plot. 
 
act as RO membranes, we would expect to observe an increased selectivity with 
increased transmembrane pressure. Since this is not the case, it appears that the c/s 
membranes are non-selective under RO conditions and that transport of water and acid 
can be estimated using the simple pore flow equation: 
 'Lj p
l
= Δ  (6.5) 
Where L' is the hydraulic permeability coefficient (mol m m-2 h-1 bar-1). Pore flow under 
large hydraulic pressure gradients is not unique to the c/s membranes, as it has been 
observed by Koval and coworkers in Nafion (16). 
Values of the water permeability coefficients and membrane selectivities for c/s 
membranes are shown in Figure 6.7. As previously noted, the c/s membranes do not 
separate water from nitric acid in RO. Interestingly, the water permeability in these films 
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Figure 6.6. RO flux and selectivity data for c/s membrane S070.75w.HL as a function of 
driving force. The lines are linear least squares fits of the data sets, with the regression 
error indicated. Error bars are not included since the magnitudes of the errors are much 
smaller than the scale of the plot. 
 
results where decreases in water permeability were accompanied by an increase in 
water/acid selectivity. It is not surprising that the selectivity in pervaporation is higher, as 
the solution diffusion model predicts that pervaporation will couple a flash separation 
with a membrane separation (5), i.e.: 
 pervap mem evapα α α=  (6.6) 
Where αpervap is the total separation factor in pervaporation, αmem is the separation factor 
due to the membrane separation, and αevap is the separation factor due to the VLE of the 
system. If Equation 6.6 is applied to the data in Figures 6.1 and 6.3, however, membrane 
selectivities less than 1 are obtained for pervaporation, suggesting that the c/s membranes 
are reverse-selective to nitric acid. This is in contrast to the RO data, which imply that the 
membranes have no permselectivity for the aqueous acid. These observations in turn are 
further evidence that additional driving forces for acid/water permeation exist, not 








































































































Figure 6.7: Permeability coefficients and selectivity data for c/s membranes in RO. Error 
bars are not included since the magnitudes of the errors are much smaller than the scale 
of the plot. 
 
The discrepancies in the pervaporation data, RO data, and solution diffusion model 
predictions occur because of the simplifying assumptions embedded in the model. Water 
and acid permeation are likely coupled since acid permeates the membranes faster than 
its chemical potential gradients predict. It is also known that the diffusion of water in 
Nafion is highly concentration-dependent (46, 50-52). Further, it is expected that the 
concentration of water and acid will decrease from the feed side to the permeate side of 
the membranes in pervaporation, changing the local concentrations of water, membrane 
counterions, and dissociated acid ions. This will cause a gradient in the electrostatic 
potential within the membrane, which has been neglected so far. Modified solution 
diffusion models (48) have been proposed for moderately-swollen systems, but these do 
not adequately describe the transport behavior in the c/s membranes. Rigorous treatments 
of the solution diffusion model have been explored, starting with Equation 6.1, but these 
have added much complexity and failed to describe the transport behavior adequately. 
The ‘correct’ transport model for the c/s membranes must come from non-equilibrium 
thermodynamics (109), but such a treatment is well beyond the scope of this chapter, and 
probably unnecessary given the conclusions below. However, to understand the 
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mechanisms of water transport and acid separation in the c/s membranes more clearly, the 
discussion is continued with a number of semi-quantitative arguments that suggest 
relationships between proton mobility, swelling, and water/acid transport. 
 
6.4 Mechanisms of C/S Membrane Selectivity in Pervaporation and RO 
The lack of separation by c/s membranes in RO and the steady increase in selectivity 
with carboxylate content in pervaporation is, at first glance, perplexing. If carboxylate 
anions decrease the permeability of acid in one process, they should ostensibly decrease 
the permeability of acid in a different process. In general, it is thought that anionic 
species are rejected from ionomer membranes by electrostatic repulsion, or Donnan 
exclusion. If swelling is not controlled, however, ions are effectively shielded in a sea of 
water within the membrane, and no sorption selectivity is observed. Such an effect has 
been observed in Nafion by many authors (3). This alone could explain the lack of 
selectivity in RO. In the RO process, the membrane is highly swollen across its entire 
thickness, and ions are electrostatically shielded throughout. If pressurized liquid 
increases membrane swelling, as suggested by Sportsman (65), this shielding should 
become more effective. In a separate set of experiments, LiNO3, NaNO3, and KNO3 
solutions with a mole fraction of nitrate identical to that in 1% HNO3 were fed in RO. 
Sulfonate form Nafion, exchanged to the appropriate salt form, was used as the 
membrane separator. Although the salt forms of Nafion swell significantly less than the 
acid form (100, 110), no separation of water or salt was achieved, further suggesting that 
water shields the electrostatic repulsion of nitrate in RO, even at lowered water content.  
Studies of the water absorption and desorption kinetics in Nafion have shown that 
water desorbs from the swollen polymer (when in contact with dry gas) faster than water 
is absorbed into the dry polymer (when in contact with wet gas or liquid) (53, 111). This 
means that a ‘dry’ layer will form on the permeate side of the membrane in 
pervaporation. Supporting the dry layer hypothesis, Thomas et al. showed, through in situ 
small angle neutron scattering experiments, that the water profile in a Nafion membrane 
under steady state pervaporation is highly non-linear (49). Specifically, the membrane is 
fully wet for a large thickness adjacent to the feed liquid, then decreases sharply in water 
content near the membrane/vacuum interface. It is likely that this ‘dry’ layer, free of 
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‘shielding’ water, is responsible for the membranes’ permselectivity in pervaporation. 
Cabasso et al. came to the similar conclusion when using Nafion in pervaporation to 
separate water/alcohol mixtures (112). Sportsman supported the notion by showing that the 
water/nitric acid selectivity is considerably higher when the carboxylate (selective) side 
of a Nafion 90209 bilayer membrane faces the low-pressure permeate stream than when 
it faces the feed stream (64). 
The increase in permselectivity and water flux with increased temperature can be 
rationalized by again considering the absorption and desorption kinetics in Nafion. It has 
been shown that Nafion dries at an increasing rate as temperature increases (113). It has 
also been shown that the equilibrium swelling of Nafion in liquid water is independent of 
temperature from room temperature to 100°C (25). Therefore, one would expect a shift in 
the swelling/deswelling equilibrium in the membranes with increased temperature. 
Specifically, it is expected that an increased temperature will lead to a higher rate of 
water desorption and formation of a thicker ‘dry’ layer near the permeate side of the film. 
The faster desorption will lead to higher fluxes, and the thicker ‘dry’ layer should 
improve permselectivity, consistent with our results.  
The observed decreases in water permeability at increased carboxylate content and 
increased feed concentration can be explained by a number of effects. Other researchers 
have explored the decreased water diffusivity in carboxylate ionomers and have 
suggested that the carboxylate functional group slows diffusion of water (and probably 
acid) through hydrogen bonding interactions (3, 101). As carboxylate content increases, the 
number of hydrogen bonds should increase, leading to lower water permeability, 
consistent with both RO and pervaporation results. While the results in Section 4 of 
Chapter 5 cannot support such a hypothesis, the fact that several authors have suggested 
the occurrence of increased hydrogen bonding interactions warrants consideration, and 
detailed evaluation in the future. Contrary to a previous hypothesis (67), there does not 
appear to be a relationship between c/s membrane swelling and permeability at a given 
feed composition, as discussed in Chapter 5.  
The decreased permeability with increased acid feed concentration can be explained 
by osmotic effects which ‘salt out’ water from the membranes. Using the 7.5% 
carboxylate membrane as an example (S070.75w.HL), the total water/acid uptake 
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(measured using the technique of Jung et al. (114)) decreases from 23.4% to 18.0% to 8.1% 
as it is contacted with pure water, 5% HNO3, and 10% HNO3, respectively. Since the 
permeability depends on both sorption into and diffusion through the polymer, a lower 
sorption will certainly lead to lower permeabilities under concentrated acid feeds.   
The decrease in membrane selectivity with increased feed concentration is likely due 
to changes in sorption selectivity in the membranes, driven by Donnan exclusion. It has 
been shown that for monovalent ionic solutions in ‘Donnan’ equilibrium with cation 











=  (6.7) 
Where the subscripts A- and R- indicate mole fractions of anion and covalently bound 
membrane anion. According to Equation 6.7, as the concentration of anion in the external 
solution increases, the concentration of anion within the membrane phase approaches the 
external concentration rapidly. This means that as feed concentration increases, sorption 
selectivity will approach unity, and the overall separation will decrease. To support this 
hypothesis, the influences of feed concentration and carboxylate content on acid partition 
coefficients are plotted in Figure 6.8. The figure shows that with 10% acid feed, there is 
virtually no sorption selectivity in the membranes, and at 5% acid feed, the sorption 
selectivity is better, but still quite low. Figure 6.8 also shows that the carboxylate 
functional group does not influence the Donnan equilibrium of the system, consistent 
with Equation 6.7.  
The final property of the c/s membranes that needs to be addressed is their increased 
permselectivity with increased carboxylate content. From the above discussion, it is 
evident that the carboxylate functional group does not separate the water/acid mixture by 
decreasing membrane sorption, increasing Donnan exclusion, or by restricting acid 
diffusion relative to water diffusion (in swollen films). In this author’s estimation, this 
leaves three possible explanations for increased selectivity in the presence of carboxylate 
groups, all of which could be complimentary. First, membranes with carboxylate groups 
may retain less water than those with sulfonate groups under hard vacuum due to their 
weaker acidity (less hygroscopic) (3), which may result in a thicker dry layer, less water 

















Figure 6.8. Nitric acid partition coefficients between membrane and liquid phases as a 
function of membrane carboxylate content. With the exception of two data points, error 
bars are less than or equal to the size of the plot symbols, and not included. 
 
Second, it is possible that sulfonate groups promote formation of molecular nitric acid 
(eliminating the possibility for ion repulsion) while carboxylate groups do not. This 
hypothesis is justified by the acid/base equilibrium of the system, shown in Equations 6.8 
and 6.9 (3, 116): 
 
10.2 2.0
3 3 3 3
a apK pK
f fNO R SO H HNO R SO
<− =−
− −⎯⎯→+ +←⎯  (6.8) 
 
~1.9 2.0
3 2 3 2
a apK pK
f fNO R CO H HNO R CO
=−
− −⎯→+ +←⎯  (6.9) 
While nitric acid is completely dissociated in water, it is likely associated in the presence 
of the perfluorinated sulfonic acid. The perfluorinated carboxylic acid is less acidic than 
nitric acid, however, so in the presence of carboxylate, nitric acid will be dissociated, and 
Donnan exclusion will be possible. Third, the carboxylate groups may slow the diffusion 
of protons (and hence nitrate) in drier regions of the membrane. In Chapter 5, it was 
shown that proton mobility (conductivity) decreases with increased carboxylate content. 
Conductivity data are compared to pervaporation selectivities in Figure 6.9. The figure 
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suggests a correlation between proton mobility and water/acid selectivity. As carboxylate 







































Figure 6.9. Relationship between proton conductivity and water/acid selectivity. Data 
include pervaporation results at 35°C under 1%, 5%, or 10% acid feeds. Error bars are 
not included since the magnitudes of the errors are much smaller than the scale of the 
plot.  
 
6.5 Suggestions for Improving the Performance of C/S Membranes in Acid/Water 
Separations 
While the results in this chapter suggest that pervaporation with c/s membranes is 
probably inferior to distillation, there are potential ways to increase the membranes’ 
pervaporation performance. First, membranes with a higher EW will swell less and, given 
the hypotheses on separation mechanisms, are likely to have better acid exclusion 
properties. Second, sweep gas can be used in lieu of vacuum to create a driving force for 
mass transfer. The energy requirement for circulating sweep gas is significantly less than 
that to create a hard vacuum. Third, the membranes can be contacted with saturated vapor 
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on the feed side instead of liquid (evapomeation). It is well known that Nafion swells to a 
lesser degree when contacted with saturated vapor instead of saturated liquid (3), and the 
process would gain a flash separation before the membrane separation. In general, these 




Bifunctional carboxylate/sulfonate Nafion membranes can offer advantages over 
sulfonic acid-form Nafion when used for the dehydration of aqueous nitric acid. If 
pervaporation is used to separate the solution, selectivity increases with carboxylate 
content. Conversely, water permeability decreases with increased carboxylate 
substitution, meaning that a tradeoff exists between the process rate and the degree of 
separation. Unfortunately, as feed temperature is decreased or as feed concentration is 
increased, both flux and separation factor decline. In contrast to traditional pervaporation 
membranes, the total separation achieved with c/s membranes is less than that achieved 
with a simple flash. If total pressure is used as the driving force in the RO mode of 
operation, virtually no separation is achieved. It appears that the carboxylate functional 
groups slow the permeation of nitric acid relative to water by Donnan exclusion and/or by 
reducing the mobility of protons, but only when the membrane is in partially dried state. 
As such, the c/s films will only dehydrate dilute mineral acids in pervaporation. 
Furthermore, the moderate separation factors and process rates, coupled with the films’ 
complex synthesis procedure and high materials cost, probably render the c/s membranes 









7.1  Continuation of the Studies in Chapters 3-6 
Based on the conclusions in Chapters 5-6, it is not recommended that the c/s 
membranes be considered for future study in fuel cell or acid dehydration applications. It 
may be of academic interest to synthesize c/s membranes from thicker starting material 
(e.g. N112-F) and to test those membranes in a DMFC, but it is not expected that these 
films will create a breakthrough in DMFC performance. It would be interesting to test the 
separation characteristics of the c/s membranes fed with gaseous acid/water mixtures, but 
again, such a study would probably only be of academic interest (to confirm/disconfirm 
the hypothesis that the separation performance is improved with less swollen 
membranes). 
The results from the annealing study show more promise. Since it was concluded that 
thermal annealing alters the morphology of Nafion, it would be useful to consider the 
effects of annealing the precursor before hydrolysis. If the morphological changes are due 
to relaxation of the PTFE backbone and formation of supermolecular crystalline 
structures and/or changes in the morphology of the cluster regions, studies of annealed 
precursor will show the relative contributions of those changes, if any, and may help to 
differentiate the effects of annealing on backbone morphology and cluster morphology. If 
it can be determined that annealing only serves to promote backbone relaxation, the 
annealing procedure would be simplified significantly, as precursor film could be cooled 
in a more controlled fashion once extruded, and hydrolyzed as usual.  
Continuing the investigation of morphological changes in annealed Nafion, it may be 
particularly interesting to obtain 2-dimensional SAXS profiles. As Figure 3.2 showed, 
there must be structural anisotropies in the membrane that are relaxed upon thermal 
treatment. 2D SAXS pictures of the changes in structural anisotropies would help to drive 
home this hypothesis. As suggested at the end Chapter 3, it may also be useful to study 




7.2 Related Studies 
Nafion researchers often speak of the ‘state of water’ in the ionomer. By 
understanding the nature of sorbed water, it is hoped that a comprehensive picture of 
water and proton transport can be formulated. From this information, it may be possible 
to develop ways to improve the conductivity of PEM materials in dry conditions. It is 
often assumed that imbibed water exists in three states: free bulk-like water, ‘loose’ water 
with less structural order, and non-freezable water (36, 117, 118). The approach that has been 
taken to determine the relative amounts of these types of water is to place a wet piece of 
Nafion in a differential scanning calorimeter (DSC) and to quantify the enthalpy of fusion 
of loose and free water from the water melting endotherm near 0°C. The amount of non-
freezable water is usually inferred or ignored, and the ‘state’ of water is evaluated based 
on this heat of fusion. The problems with such an approach are that the heat of fusion of 
water is a fundamental property and will only change very slightly with changes in 
crystal structure, that calculation of loose versus free water is not possible, and that the 
amount of non-freezable water is not quantified. 
Preliminary studies have been conducted on Nafion and a carboxylate perfluorinated 
ionomer from Asahi Glass, called Flemion, using a special pressure DSC instrument. 
This DSC allows very sensitive thermograms to be collected, and detects melting features 
that ordinary DSCs cannot. An example DSC thermogram for Nafion 117 and Flemion 
are shown in Figure 7.1. The figure shows some distinct features. First, three endotherms 
can be seen in the N117 thermogram while only two can be observed in Flemion. Second, 
the intensities of the melting endotherms are larger for Nafion. Third, the melting 
endotherm at low temperature in Flemion actually appears as an exotherm. In brief, these 
results indicate that freezing is a kinetic process (exotherm in Flemion due to cooling that 
was too rapid, causing spontaneous nucleation on heating), that Nafion may have 3 or 
more states of water, depending on how ‘freezable’ the last molecules of water are, that 
loose water exists with a large range of structural order (evidenced by the broad melting 






































































Figure 7.1. DSC thermograms for Nafion 117 (lower curve) and Flemion carboxylate 
ionomer (upper curve). 
 
Thus, the application of pressure DSC may offer considerable insight into the nature 
of water in Nafion and other ionomers, and data that has not (and maybe cannot) been 
collected with typical DSC machines. Expanding the point further, it may be possible to 
extract a ‘pore size distribution’ from the DSC data, if one were to parallel nucleation 
theory in polymers to freezing point depressions due to differences in pore size and local 
environments for water molecules (119). A detailed explanation is beyond the scope of this 
chapter, but the concept should be mentioned as it offers much potential for future 
research. 
In parallel with DSC studies, it would be useful to study the nature of water in Nafion 
through crystallographic techniques. This can be done by collecting XRD data for frozen 
water in the polymer at different temperatures, such as those where endothermic events 
occur. An example of the concept is shown in Figure 7.2, which exhibits XRD data for 
water within Nafion and bulk water at -40°C. It is obvious that the crystalline structure of 
water in the Nafion is very different from that in the bulk, which suggests differences in 
water’s chemical environment in Nafion as compared to the bulk. Systematic 
crystallographic studies may allow extraction of important information about the state of 
water in Nafion and other ionomers. 
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Figure 7.2. XRD spectra for wet Nafion 117 and bulk water at -40°C. Measurements 
were performed by placing water or wet Nafion on a cryostage and measuring the 
scattering intensity at different angles. Scattering peaks from crystalline water are 
indicated by dashed arrows for Nafion 117 and solid arrows for bulk water.  
 
As a final recommendation, it is suggested that studies be performed to evaluate the 
performance of Nafion membranes incorporated with Pd nanocrystals for self-
humidification, similar to the work of Watanabe et al. (120-123). A number of preliminary 
studies have been performed on these materials, so further background and information 
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One of the largest difficulties in operating low temperature polymer electrolyte 
membrane (PEM) fuel cells is maintaining proper hydration of the membrane electrode 
assembly (MEA), and this pitfall is well documented in the literature (A1-3). If too much 
water flows into the cell, the electrodes will flood. Once flooded, the transport of gaseous 
reactants and products becomes inhibited, and the cell quickly loses power. If too little 
water flows into the cell, the reactant gases dry the PEM. As shown in the thesis body in 
Figure 5.8, the proton conductivity of Nafion drops precipitously as the relative humidity 
decreases, and as a result, the cell loses power. 
From a design perspective, this delicate water balance drastically complicates the fuel 
cell’s balance of plant. Reactant gases must be preheated and humidified, and system 
backpressure must be carefully monitored at higher operating temperatures. Humidity 
control schemes require power, and since fuel cells should be expected to operate as 
‘stand alone’ devices, these control schemes become parasitic power losses. The need for 
an exacting water balance also makes it very difficult to employ fuel cells in 
transportation applications. Rapid startup is desired, but the heating of water is energy 
intensive and slow, especially when that energy must come from a cold cell. 
Transportation fuel cells must be able to withstand frequent load cycling, and since the 
cells’ rate of water production and hence, need for external humidification change with 
load, the humid gas feed system must be capable of very fast response to load change. It 
is very difficult to heat and cool water quickly (to control the dew point of the feed 
gases), so humid and dry feed gases must be automatically mixed in various ratios. This 
adds to the already complex balance of plant. 
In light of the above commentary, a PEM material that does not require external 
water for high proton conductivity would be especially useful. Researchers have 
approached this challenge by considering ionomers that do not swell drastically in water 
(A4-7) or by incorporating fillers to promote proton conduction or to retain water (A2, 4, 8-11). 
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Unfortunately, most of these efforts have yielded marginal improvements, and in many 
cases, the new materials had questionable mechanical and/or chemical stability. 
An approach that shows promise, however, is one developed by Watanabe and 
coworkers (A12-15). Watanabe found that he could take advantage of the small amounts of 
H2 and O2 that leak through the PEM (since the PEM is an imperfect barrier) and 
combine them on platinum to form water. Thus, by dispersing Pt nanoparticles in the 
membrane, he could humidify it ‘from the inside out.’ Similar to work by others (A16-18), 
he found that this water could be held more tightly in place with hygroscopic oxides, also 
dispersed in the membrane. Most importantly, he found that the incorporation of these Pt 
and oxide fillers allowed the cell to be operated with dry feed gases, with performances 
that were nearly identical to those seen in fully humidified PEMs. A cartoon picture of 
the process is shown in Figure A.1. 
 
 
Figure A.1. Concept of self-humidifying PEMs. The electrolyte is humidified by water 
produced at the cathode and water produced within the membrane at Pt catalyst sites. 
Water is held and distributed by hygroscopic oxide particles within the electrolyte. 
 
While Watanabe’s invention improves fuel cell performance under dry conditions, the 

















PEM fuel cells are already criticized for their high materials cost (A19, 20), it would be 
better to use a less expensive water forming catalyst. Palladium metal may provide an 
option. Like Pt, Pd catalyzes the formation of water from O2 and H2. Pd can be ion 
exchanged into the membrane, just as Pt can, and does not react with sulfonic acid in the 
ionomer. Most importantly, Pd has a much lower cost than Pt. As of June 2007, the price 
of Pt was about $1290 per troy ounce, while the same mass of Pd was only $366. The 
savings are even greater on a molar basis: $8091 per mole Pt versus $1252 per mole Pd. 
If Pd offers the same performance as Pt in self-humidified electrolytes, its use can 
represent an incremental savings in advanced PEMs. 
This appendix presents preliminary investigations of Nafion membranes incorporated 
with Pd metal (Nafion/Pd). Suggestions are provided for the synthesis of said 
membranes, and some preliminary tests show that the membranes do offer improved 
performance over Nafion when operated under dry gases. The appendix closes with 
recommendations for future work on these materials, and considerations on the possible 
shortcomings of self-humidified PEMs. 
 
A.2 Materials Science Challenges of Incorporating Pd into Nafion 
In order for Pd to provide a suitable replacement for Pt in self-humidified PEMs, it 
must possess a number of properties. First, it must be able to withstand the harsh 
oxidizing conditions within the fuel cell and be stable in the presence of sulfonic acid. 
Second, it must not ‘wash out’ of the membrane. Third, it must be able to be dispersed 
within the polymer in a discontinuous fashion, i.e. it must not form a conductive pathway 
for electrons between the anode and the cathode. Finally, there must be an efficient way 
to load the Pd into the PEM. 
As a noble metal, Pd is stable in most chemical environments (A21). Pd is less inert 
than Pt, as it can be dissolved in concentrated H2SO4, HCl, or HNO3, but it is not affected 
by sulfonic acid. Experiments in our laboratory have shown that once the Pd metal is 
reduced to a zero oxidation state, it does not wash out of the membrane, though it can be 
rinsed out (slightly) in its ionic form in concentrated salt solutions. Using nearly identical 
procedures to those used by Watanabe (A12), Pd was evenly dispersed in Nafion by ion 
exchange with Pd[(NH4)4]2+ at high pH, then reduced from Pd(II) to Pd(0) with 
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hydrazine. As such, there appears to be no added difficulty in incorporating Pd metal into 
Nafion as compared to Pt. The real difficulty is in controlling the amount of Pd that 
enters the membrane, and in acidifying the membrane for fuel cell use. These points are 
discussed below. 
It is known that large and/or multivalent cations are preferentially absorbed into 
Nafion (A22). Using this as a guide, we started our analysis of Pd uptake on the assumption 
that Pd[(NH4)4]2+ should be preferentially absorbed over the other, smaller cations in the 
metal salt solution (NH4+). Known masses of acid-form Nafion 115 were soaked in 
known concentrations of Pd salt solution, and the Pd was reduced to a zero oxidation 
state with hydrazine and the film acidified with phosphoric acid. The total Pd contents in 
solution ranged from sparse (total moles of Pd two orders of magnitude lower than total 
moles of SO3- in the membrane) to concentrated (total moles Pd 4 times higher than total 
moles SO3- in the membrane). The total mass and molar uptake of Pd metal was 
calculated by the difference in weight between dry, acid form Nafion and dry, acid form 
Nafion/Pd. The result was that the membranes imbibed nearly all the Pd in low 
concentration solutions up to the point of charge balance (one Pd[(NH4)4]2+ for every two 
SO3-), and maintained a ratio of about 0.6 moles Pd[(NH4)4]2+ per mole SO3- when 
soaked in excess Pd. As Pd content increased, the membranes turned from clear to amber 
to black to silver. Results of these tests are shown in Table A.1 and Figure A.2. 
 
Table A.1. Pd uptakes in Nafion 115 membranes. 
Ratio of moles 
Pd[(NH4)4]2+ in solution to 
moles SO3- in membrane 
Measured Pd loading 
(moles Pd/mole SO3-) 
Membrane Appearance 
0.04 0.05 Amber/opaque 
0.22 0.24 Black 
0.43 0.43 Black with darker black 
spots 
1.08 0.57 Silver with black spots 






Figure A.2. Photograph of Nafion 115 membranes with Pd metal. From left to right, the 
membranes contain 0.04, 0.24, 0.43, and 0.57 moles of Pd per mole of SO3-. 
 
The obvious conclusion from these tests is that the Pd content in the films can be 
controlled very precisely by controlling the amount of Pd in solution and that the 
membranes imbibe all Pd in solution up to the point of charge balance. The ratio of 
Pd:SO3- in films equilibrated with excess Pd[(NH4)4]2+ is slightly above the amount 
expected from a charge balance (0.6 moles Pd per mole SO3- instead of 0.5 moles Pd per 
mole SO3-), which is not yet understood. It is especially advantageous that the films 
imbibe all Pd[(NH4)4]2+ in solution, as it suggests that Nafion films can be incorporated 
with Pd without having to reclaim and reconcentrate the metal since all the Pd in solution 
should be absorbed.  
The fact that Pd content can be controlled is very important, because it will ostensibly 
affect the performance of the self-humidified PEM. If there is too little Pd, there may not 
be a sufficient number of sites for water formation in the membrane. If there is too much 
Pd, the metal may form electrically conductive pathways through the membrane. As 
proof, N112/Pd membranes that were initially equilibrated in excess Pd salt solutions 
gave conductivities of 3-5 S cm-1, which is in contrast to the conductivity of the pure 
Nafion film (~ 0.09 S cm-1). This high conductivity is obviously due to an electrical 
‘short’ created by the excess Pd. 
The other difficulty in preparing Nafion/Pd membranes is the acidification of the 
polymer. Upon ion exchange with basic Pd[(NH4)4]2+ solution, the membrane is forced 
 130
into an ammonium cation form. These cations persist through the reduction of the metal 
cations. Since ammonium cations are large, and since large cations are relatively difficult 
to replace with small cations in Nafion (A1), the membrane must be soaked in sufficiently 
concentrated acid before use in a fuel cell. Experiments in our laboratory showed that 
soaks in dilute HNO3, HCl, or H2SO4 caused the Pd metal to dissolve back into solution. 
Soaks in H3PO4 proved effective, but only in high concentrations (> 2 M) and at elevated 
temperature for several hours. It is also important to note that the insolubility of Pd metal 
in the membranes depends on the extent of the reduction of Pd(II) to Pd(0). While dilute 
hydrazine causes the metal to reduce and the membranes to blacken, films that are soaked 
in too-dilute hydrazine have a tendency to turn the H3PO4 soak yellow, indicating 
dissolution of Pd. Films that are soaked in higher concentrations of hydrazine, however, 
develop a glossy sheen (observable by holding the membrane at an angle), and do not 
turn the acid soak yellow. This suggests that full reduction of the Pd metal only takes 
place in very strong reducing environments, and cannot be differentiated from incomplete 
reduction by simply observing the ‘darkness’ of the membrane. This notion has been 
partially confirmed through FTIR measurements (not shown), which showed residual 
Pd—N—H vibrational bands in films that were reduced in dilute hydrazine. Films 
reduced in concentrated hydrazine, however, showed no evidence of Pd—N—H bonds. 
 
A.3 Preliminary Fuel Cell Tests with Nafion/Pd Membranes 
As a first test of the Nafion/Pd membranes’ ability to operate under dry conditions, 
fuel cell tests were carried out on Nafion 112 and Nafion 112/Pd membranes, using the 
following procedures. Membrane samples were removed from storage, patted dry, and 
cut into 5 cm x 7 cm rectangles. Commercially available ELAT™ electrodes, which 
contained a woven fabric gas diffusion backing, carbon-supported platinum catalyst 
(nominal loading 5 g Pt per m2), and Nafion binding solution, were cut into squares with 
an area of 5.48 cm2 each. The electrodes were positioned in the center of the membrane 
rectangles, one per side, with the Nafion binder contacting the membrane. The electrodes 
were then hot pressed to the membrane with a T-shirt press at 145°C for 6 min at 80 psi. 
The resultant MEA was placed in fuel cell hardware consisting of two graphite bipolar 




fiberglass gaskets, copper current-collecting plates, and gold-plated aluminum end plates. 
Hardware bolts were tightened to 10 N m with a torque wrench. Cell temperature was 
maintained at 80°C with resistive heating elements and a PID temperature controller. 
Feed gas flow rates and relative humidities (RHs) were controlled with a Lynntech 
Industries FCTS GMET gas metering unit and FCTS BH humidifier, respectively. Dry O2 
was fed to the cathode at 0.1 L min-1 and dry or humidified H2 was fed to the cathode at 
0.1 L min-1. Gases were fed without backpressure. Before collecting polarization curves, 
the MEAs were conditioned with H2 at 100% RH and dry O2. The conditioning routine 
involved holding the cell voltage constant at 0.6 V for 1 h, followed by cycling the cell 
voltage between 0.7 and 0.5 V, holding each voltage constant for 30 min, for 18 repeat 
cycles. A minimum of 20 polarization curves were collected with a Fideris FCTS EL load 
bank, controlled with FCPower software, for each MEA at each RH, and the final eight 
curves were retained and used for data reporting. 
Polarization curves were collected using N112 membranes that were equilibrated in 
excess Pd[(NH4)4]2+ solutions and reduced/acidified as described above. These curves are 
shown in Figure A.3, along with results from a reference N112 film. As the figure shows, 
the performance of the two membranes is comparable under high humidity conditions. At 
low humidity conditions, however, the Nafion/Pd membrane shows superior 
performance, albeit a declined performance from humid conditions. Under dry gas feed, 
polarization curves were not obtainable with Nafion 112 membranes, but were obtainable 
for Nafion 112 membranes with Pd crystals. This shows that the Pd must catalyze water 
formation and humidify the membrane under dry operation. Figure A.3 also shows that 
the open circuit voltage (OCV) of the N112/Pd membranes is lowered with reduced 
humidity, a result that is unattractive. In fact, the OCV of the cell should not depend on 
humidity whatsoever, as it measures the cell electrodes’ reduction/oxidation potentials in 
the absence of electrical current. It was later found, however, that the N112/Pd membrane 
had so much Pd metal in it, that it effectively created an electrical short from anode to 
cathode, reducing the cell’s output. Evidence for this electrical short came from proton 
conductivity measurements, which yielded values of 3-5 S cm-1, an excessively high and 
unreal result. The current hypothesis for the reduced OCV at reduced humidity is that 
water may separate Pd particles in the membrane when swollen, allowing near ‘normal’ 
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cell performance. As humidity is lowered, however, there will be less water to separate 



































Figure A.3. Polarization curves for N112 and N112/Pd membranes. Results are 
preliminary and have not been optimized. 
 
The results in Figure A.3 are promising, in that they suggest that Pd catalyzes water 
formation in the PEM under dry gas feeds. Especially interesting is the N112/Pd MEA’s 
ability to obtain current densities near 1 A cm-2 under dry gas feed. Figure A.4 shows that 
limiting current densities decline sharply with reductions in feed gas humidity when 
N112 is used as the electrolyte. Again, this suggests that N112/Pd membranes could 
improve the performance of fuel cells operated under dry feed gases. The addition of 
hygroscopic oxide fillers is expected to improve this performance even more. 
 
A.4 Proposed Future Work with Nafion/Pd Membranes 
The analysis of Nafion/Pd membranes is far from complete. The ability of Pd to catalyze 
water formation in the operating fuel cell must be compared to Nafion/Pt membranes, 
made using the procedures developed by Watanabe et al. (A12). This is the only true way 
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Figure A.4. Polarization curves for N112 MEAs operated under different humidities. 
Polarization curves were not obtainable at 0% RH. 
  
Further, following Watanabe’s work, membranes that incorporate hygroscopic oxide 
fillers and Pd should be synthesized, and the performance of these materials compared to 
the data presented by Watanabe.  
If Nafion/Pd membranes have comparable performance to Nafion/Pt membranes, 
both with and without oxide fillers, further characterization should be performed. In 
particular, the effect of Pd on the rate of membrane degradation should be tested under 
humidified and dry conditions. It has recently been hypothesized that Nafion may 
degrade through radical depolymerization, initiated by the formation of free radicals 
formed on Pt sites within the ionomer (A23, 24). If true, this could spell doom for the self-
humidifying PEMs, since they of course contain large amounts of intra membrane Pt or 
Pd. The degradation tests would serve two purposes. First, they would give clear support 
for the above hypothesis, or prove it to be lacking in completeness. Second, the tests may 
show differences in degradation rates in Nafion/Pd and Nafion/Pt films. It is expected 
that the formation of water and peroxy radicals will be faster on one of the two metals, 
and this may lead to faster degradation. 
If the films hold up to degradation tests, it would be useful to know the sizes and 
phase of the metal crystals. Techniques such as transmission electron microscopy may be 
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useful in determining the sizes and distribution of the Pd crystallites. X-Ray scattering 
techniques can be employed to determine the crystal phase (or lack thereof) of Pd in the 
film. Finally, it will be important to know how the Nafion/Pd films withstand long 
durations of operation under dry feed gases, and frequent cycling. This can be tested by 
evaluating the performance of a Nafion/Pd MEA over several months’ time, and by 
finding and employing the current state of the art in accelerated lifetime testing. 
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